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Abstract 
Electrochemical technologies for wastewater treatment present several promising 
characteristics to be used as decentralized water treatment systems to provide a 
sustainable and cost effective growing water supply complementing centralized water 
supply systems. However, their application and scaling up has been hindered by the high 
energy input required, and the mass transfer limitations. 
To address these limitations, the aim of this thesis is to develop a novel 
decentralized water treatment system to treat greywater produced at household scale. The 
system, a three-dimensional (3D) electrochemical reactor, comprises a flow-through 
electrochemical reactor, in which the contaminated solution will pass through the boron-
doped diamond (BDD) anode mesh, maximizing the total contact surface of the electrode. 
In addition, granular activated carbon (GAC) has been added as a bed material in the 
reactor, which has been recognized that can enhance the performance of the conventional 
two-dimensional (2D) system due to its adsorption properties and by acting as a third 
electrode within the system.  
The main goals of this thesis are: (i) to elucidate how the presence of a bed material 
can enhance the performance of the electrochemical treatment; (ii) to develop a proof-of-
concepts on the performance of a 3D electrochemical oxidation system for the treatment of 
greywater; (iii) to determine the effect of current density and volume of greywater loaded, 
and the bed material on the performance of the 3D system; (iv) to explore the viability of 
the electrochemical regeneration of the bed material when operating the 3D system for the 
treatment of greywater. 
The reactor has worked under three different configurations: (i) adsorption onto 
activated carbon (GAC system), (ii) electrochemical oxidation on BDD anode (2D system), 
and (iii) combined adsorption and electrochemical oxidation (3D system) for the treatment 
of simulated (SGW) and real greywater (RGW). Electrochemical experiments were 
conducted at a fixed current density of 15 A m-1. Disinfection experiments have been 
performed using Escherichia Coli (e. coli), spores of Clostridium Perfringens (SCP) and 
somatic coliphages (SOMCPH) as model microorganisms for pathogenic bacteria, 
protozoa and viruses respectively in SGW (Chapter 5). The three reactor configurations 
have operated at two different current densities (i.e., 15 and 20 A m-2) and two different 
volume loads (2 L and 6 L) to study the effect of these two parameters in the performance 
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of the 3D system (Chapter 6). To minimise the adsorption and catalytic effect of the GAC 
and determine the electrochemical oxidation capacity of the bed material acting as a third 
electrode, it has been substituted granular graphite (GG) (Chapter 7). Electrochemical 
regeneration of the GAC in the 3D system has been studied over the time by loading the 
reactor with saturated GAC (Chapter 8). Finally, an economic analysis has been 
conducted for the implementation of a 3D electrochemical system at household scale 
(Chapter 9). 
The results showed that the efficiency of a conventional 2D electrochemical system 
can be enhanced by up to 86% for the removal of chemical oxygen demand (COD) and 
total organic carbon (TOC) in the 3D system. Obtained positive synergy values suggest 
that the combination of these two processes may trigger other electrochemical reactions in 
the 3D system while enabling the electrochemical regeneration of the GAC and lowering 
the energy consumption of the process. In addition, despite the 3D system achieved the 
same removal of SOMCPH than the 2D system, the removal of e. coli and SCP was 
slightly higher in the 2D configuration due to the accumulation of electrochemically 
produced chlorine. 
Saturation of the bed material in a 3D system can occur using high volumes of 
SGW or low values of applied current density. While increasing the applied current density 
or decreasing the volume of SGW treated, regeneration of the GAC is favoured, however 
the energy efficiency of the treatment process decreases. 
When substituting GAC by GG, its adsorption capacity decreases by up to 30% for 
the removal of COD and TOC from SGW. However, the performance of the 3D system 
using GG is enhanced by up to 50% and 30% for the removal of COD and TOC 
respectively compared to adsorption and electrochemical oxidation operating separately. 
In addition, electrochemical regeneration of saturated GAC has been demonstrated in the 
3D electrochemical configuration. Calculated regeneration efficiency (RE) of the GAC in 
the 3D system increases to 64.8% after 31 consecutive runs (2 L of SGW treated in every 
7-hour run). 
Finally, an economic evaluation showed that 70% of the capital investment 
corresponds to the BDD anode which can hinder its applicability as other more economic 
(but less effective) materials may be preferred. In addition, the operational costs of treating 
RGW in a 2D system can be reduced by 20% in a 3D system using GAC bed. In order to 
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outweigh the operational costs, modular electrochemical systems can be operated by a 
photovoltaic power supply which makes it more sustainable process.  
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1. INTRODUCTION 
1.1. Water and population in 2050 
The increase in the population together with the economic development and 
industrialization, especially in urban areas, will generate immense pressures on water 
resources, affecting its quality and availability in the coming years. 
According to the United Nations (UN) world population is expected to reach 9.6 
billion by 2050, from 7.2 billion in 2013 (UN 2013). In cities, urban population in 2050 is 
expected to increase by 84 % from 3.4 billion (in 2009) to 6.3 billion, while rural 
population is projected to decrease from 3.4 billion (in 2009) to 2.9 billion (UN 2014). This 
growth has associated an increase in the demand of services (i.e., water and energy), 
however, the relationship between both of them is not linear, and in the case of water its 
demand has increased double than the rate of population growth over the last decades 
(WWAP 2015).  
In addition, due to climate change, an increase in the variability of precipitation 
patterns and higher water temperatures and evapotranspiration will affect the distribution 
and availability of water resources, leading to a direct effect on the hydrological cycle, 
aquifers recharge and water quality (Bates et al. 2008). Furthermore, the pollution of this 
resource, mainly caused by intensive agriculture and industrial production, will reduce its 
supply for the population and also its availability necessary to sustain the development of 
cities. 
In this context, water management strategies have to be incorporated worldwide in 
order to be capable to deal with the pressure on water supply systems. Reduction on its 
consumption, through improvements in the efficiency of water use and water 
conservation, efficient management and modern technology, are the key elements. 
1.2. Decentralized water treatment and reuse 
As population in cities will increase intensely, water demand will also grow, and 
water supply will become more limited. Systems to collect, treat and distribute water will 
need to increase in size and number if we want to maintain the quality of the water and 
satisfy a higher water demand in the coming decades. However, this option is not 
sustainable. The increase in the amount of water that needs to be managed makes 
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centralized systems less efficient, mainly due to the infrastructure and energy costs 
associated with the transport of water between the urbanized sites to centralized water 
treatment plants. Decentralized/distributed wastewater treatment systems are a viable 
alternative to conventional/centralized wastewater treatment. In addition, the energy 
consumed by drinking water and wastewater utilities in a municipality represents about 
30-40% of the total energy used (Copeland, 2014). The largest consumption of energy at 
these plants is to operate motors for pumping (i.e., sewage form the houses to the 
wastewater treatment plant, potable water from the plant to the consumers), which 
represents in average a 73% of the total energy consumption of these systems 
(Racoviceanu et al. 2007).  
In this context, decentralized water treatment systems may be used to produce 
reclaimed water on site and increase the robustness of conventional centralized water 
management systems (Brown et al. 2009). Decentralized systems are understood as 
distributed water treatment and storage plants, localized close to the point of water 
collection and reuse thus avoiding the costs associated with the transportation and 
distribution of water, and present an alternative water supply in case of an emergency 
(Libralato et al. 2012). The advantages of distributed wastewater treatment systems are 
small footprint and low environmental impact. In addition, they can be designed to suit 
different treatment necessities (i.e., quality and quantity of treated water) (Libralato et al. 
2012, Nhapi 2004). They can also be effectively linked to renewable sources of energy, 
and offer competitive implementation, operation and management costs compared with 
centralized systems. These systems also contribute to the sustainability (i.e., capacity to 
provide clean water and assimilate the pollution with a smaller environmental footprint), 
resilience (i.e., adaptation and mitigation to climate change) and liveability (i.e., capacity 
to provide affordable water supply) of the cities. 
Therefore, to secure water supply water source separation and reutilization 
through decentralized water treatment systems should be considered as an alternative 
for a better water management in the coming years (Shannon et al. 2008b, Van Vuuren 
et al. 1971).  
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1.3. Reclaimed water sources 
In addition to decentralized water treatment systems, the contemplation of 
alternative water sources is the other major pathway to deal with water scarcity. Based 
on the quality requirement for the water reuse application, the treatment needed can vary 
(Figure 1) (EPA 2012a). Since only a small portion of the water supply requires high 
purity (e.g., water for cooking or drinking), some studies developed in Denmark, the 
Netherlands, Israel, the United Kingdom, Hungary, Canada, West Germany, Mexico and 
The United States suggest than alternative water reuse systems could be considered 
(D'Itri 1977, Key 1967, Okun 1973). Each form of reuse would present its own associated 
health issues, and based on this, guidelines for water reuse have been developed during 
the last 30 years (California 1973, EPA 1992, 1999, 2009, 2012a, b, European-
Parliament 2006, Jeppesen 1996, NHMRC-NRMMC 2011, NRMMC-EPHC–NHMRC 
2006, 2009, Tasmania 2007, WHO 1973, 2006, 2011). 
 
Figure 1. Treatment technologies are available to achieve any desired level of water quality 
(Adapted from (EPA, 2012a)). 
For the production of reclaimed water, different wastewater sources could be 
considered. The main ones are those produced in a city that can be collected in the 
urbanized area (i.e., domestic wastewater, stormwater).  
The use of domestic wastewater as fertilizer has been widely practiced for many 
centuries (Bolitho 1970, Cohen et al. 1971, Murray 1973, Shuval 1977, WCO 1971, WHO 
1973). However, domestic wastewater can be divided into (i) blackwater, which mainly 
contains faecal matter (pathogens and organic matter), and is usually used for compost 
production; yellow-water, or urine, rich in micropollutants (i.e., pharmaceuticals) and 
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nutrients, is usually used for fertilization; and greywater (GW), which has potential 
applicability to be used as a source to produce reclaimed water. 
GW includes the water from bath tubs, shower, bathroom wash basins and laundry 
tubs. It can also contain water from the kitchen sinks and dishwashers (Jeppesen 1996). 
It represents 70% of the domestic wastewater produced in a house (Godfrey et al. 2010), 
and water from the bathroom contributes in a 60% in this fraction (Morel and Diener 
2006). Overall, the volume of GW generated in a house will depend on different factors 
such as the water supply system, and the dynamics of the household (number of 
members, age, lifestyle characteristics, usage patterns). It can vary from 20 to 225 L p-1 
d-1 (Morel and Diener 2006), for example, the typical GW volume produced in a house 
without water shortage is 90-120 L p-1 d-1 (Morel and Diener 2006). Specifically in 
Australia, the average amount is 113 L p-1 d-1, where a 15 % is used in the kitchen, a 55 
% in the shower and bath and the rest 30 % is for laundry (Morel and Diener 2006). 
Values described in literature indicate that the typical amount of water used in the 
shower/bath can vary between 30-62 L p-1 d-1 (Morel and Diener 2006). The water used 
for clothes washing is lower, between 30-34 L p-1 d-1 (Morel and Diener 2006). Examples 
of GW reuse are usually found in developed countries, mostly in Australia, USA, Japan, 
Israel, Sweden, and the most common intended reuse has focused on toilet flushing and 
groundwater recharge (Godfrey et al. 2010). 
Related to stormwater and roofwater, both have the same origin which is rain. 
Roofwater refers to rainwater or clean runoff water, while stormwater consists of 
rainwater collected during its passage over roads and other surfaces that may contain 
chemicals and disease-causing microorganisms (pathogens) (NRMMC-EPHC–NHMRC 
2009). According to this, stormwater is more contaminated than roofwater.  
Not only the quality of the source is important, but also its quantity and availability. 
In terms of availability, GW is continuously accessible in buildings, whereas stormwater 
availability is dependent on seasons and climatic conditions. 
Technologies commonly used for the treatment of GW are filtration systems using 
different bed materials namely gravel, silica sand, granular activated carbon (GAC), or 
membranes (i.e., ultrafiltration, reverse osmosis) (Katukiza et al. 2014, Li et al. 2010b, 
Singh et al. 2014). Constructed wetlands and multi-stage biological treatment systems 
have been also investigated (Friedler et al. 2005, Ramprasad and Philip 2016). However, 
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the main drawbacks of these systems are generally the limited removal of pathogenic 
microorganisms, and the lack of robustness to deal with variations in the influent quantity 
and concentration of pollutants, that can cause the saturation and clogging of the filtration 
media and affect the livelihood of microorganisms and plants in biological and natural 
systems respectively (Boyjoo et al. 2013).  
The aim of this thesis is to develop a novel greywater treatment system based on 
combined adsorption (i.e., onto GAC) and electrochemical oxidation in a three-
dimensional electrochemical system. Electrochemical oxidation is an emerging 
technology for wastewater treatment. It has been effectively used for water disinfection 
and organic pollutants removal. It can be used as a decentralized water treatment system 
for small communities and at household scale and can be easily coupled with existing 
conventional water treatment systems. 
 
 
 
 
 
 
 
 
 
 
 
 
6 
 
2. LITERATURE REVIEW 
2.1. Electrochemical oxidation systems 
In electrochemical systems, chemical reactions take place at the electrode surface 
and are induced by an externally supplied current. Electrolysis can cause gas formation, 
particle deposition, electrode decomposition, reduction and oxidation at the electrodes, 
and the formation of reducing and oxidizing species (Weigert et al. 1999). The formed 
oxidants and reductants may interact with the pollutants in the treated water.  
Studies have reported electrochemical treatment of wastewater for the removal of 
a variety of pollutants (e.g., sulphates, phosphates, chlorides, heavy metal cations such 
as copper, mercury, lead, nickel, iron), organic compounds (e.g., micropollutants, 
pharmaceuticals and endocrine disrupting chemicals), and microorganisms by 
electrochemical oxidation and/or reduction using these systems (Frontistis et al. 2011, 
Grebenyuk et al. 1990, Kerwick et al. 2005, Matsunaga et al. 1992a, Matsunaga et al. 
2000, Nagata et al. 2006, Pareilleux and Sicard 1970, Patermarakis and Fountoukidis 
1990, Sakakibara et al. 2010). Electrochemical systems have also demonstrated good 
performance in the treatment of real polluted wastewater such as effluents from the 
textile (Sala and Gutierrez-Bouzan 2014), petrochemical (da Silva et al. 2013) and 
pharmaceutical industry (Domínguez et al. 2012), tannery effluent (Szpyrkowicz et al. 
2005), olive mill wastewater (Papastefanakis et al. 2010), greywater (GW) (Butkovskyi et 
al. 2013), landfill leachate (Anglada et al. 2010), contaminated groundwater (Muff et al. 
2012), secondary effluent (Can et al. 2014, Frontistis et al. 2011), and paper mill effluent 
(Chanworrawoot and Hunsom 2012, Salazar et al. 2015). Electrochemically treated 
yellow-water (i.e., urine) can also be used as reclaimed water production system for flush 
water in toilets (Ikematsu et al. 2007). 
This technology presents several promising characteristics to be used as 
decentralized water treatment systems (Anglada et al. 2009, Radjenovic et al. 2012, 
Yang et al. 2009): 
- No chemical addition is needed. 
- Versatility of the process, which can be adapted to different treatment 
requirements (i.e., wastewater composition). 
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- Robustness: The system can deal with variations in the influent composition and 
flow rate. 
- It can operate at ambient temperature and pressure. 
- Easy to automatize. Potential and current applied can be easily monitored and 
controlled. 
- Compact design: The system could be easily scaled up and added to the existing 
treatment systems. 
However, the operation of these systems has some drawbacks associated, such 
as (Anglada et al. 2009, Cañizares et al. 2004, Chen and Hung 2007, Jeong et al. 2006, 
Radjenovic et al. 2012, Zhang et al. 2013): 
- Mass transfer limitations will be directly dependant on the configuration of the 
reactor. 
- Low space-time yield, i.e., low hydraulic retention time (HRT). 
- Electrode fouling and scaling may occur. 
- Depending on the characteristics of contaminated water and system design, 
electrochemical treatment may have high energy consumption and thus high 
operational cost. 
- The presence of chloride and bromide ions in the treated solution promotes the 
formation of undesirable chlorinated and brominated by-products, which are 
considered toxic and persistent.  
2.1.1. Effect of anode material in electrochemical oxidation 
The efficiency and selectivity of the electrochemical process will be directly 
dependant on the working electrode material (Brillas and Martínez-Huitle 2015, 
Comninellis and Chen 2010, Martínez-Huitle and Brillas 2009, Zhang et al. 2013). 
Working electrode ideally has the following properties (Anglada et al. 2009): 
- High chemical, electrochemical and mechanical stability. Should be resistant to 
corrosion and passivation. 
- High electrical conductivity. 
- High activity and selectivity towards the oxidation and reduction of contaminants. 
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- Low activity towards side reactions (i.e., oxygen evolution in the case of the 
anode, and hydrogen evolution in the cathode). 
- Low cost/life ratio. 
In recent years, boron-doped diamond (BDD) electrode has received attention due 
to its properties as anode in electrochemical systems, such as large potential window in 
aqueous solutions, low electrode fouling, corrosion stability in aggressive media, high 
current efficiency, low double layer capacitance and background current, strong oxidation 
ability, and long service life (Martínez-Huitle and Brillas 2008, Panizza and Cerisola 
2009, Zhang et al. 2013, Zhu et al. 2011).  
BDD electrodes have been reported to be very effective in the removal of various 
persistent organic pollutants, such as phenols (Cañizares et al. 2005), dyes (Brillas and 
Martínez-Huitle 2015, Cañizares et al. 2005, Martínez-Huitle and Brillas 2009), 
surfactants (Panizza et al. 2005), 17α-ethynylestradiol (Frontistis et al. 2011), persistent 
organic pollutants (Yu et al. 2014), amongst others (Martínez-Huitle and Brillas 2008, 
Panizza and Cerisola 2009, Yu et al. 2014). They also display great disinfecting 
capabilities (Furuta et al. 2005), even in chlorine-free water, due to its ability to produce 
reactive oxygen species (ROS) (Jeong et al. 2009, Martínez-Huitle 2007, Polcaro et al. 
2007), particularly hydroxyl radicals (•OH) (Martinez-Huitle et al. 2015, Yu et al. 2014). 
They have also been tested for real wastewater treatment (Cabeza et al. 2007, 
Cañizares et al. 2006, Chanworrawoot and Hunsom 2012, da Silva et al. 2013, 
Domínguez et al. 2012, Papastefanakis et al. 2010, Szpyrkowicz et al. 2005, Zhu et al. 
2009).  
BDD electrodes present potential electrochemical applications in decentralized 
wastewater treatment systems. It has been recently applied to process water in industrial 
plants, air-conditioning systems, cooling towers, warm water systems in buildings 
amongst others (Martínez-Huitle and Brillas 2008). Serikawa et al. (2008) studied the 
performance of a BDD electrochemical system for the treatment of thirty different types of 
real wastewater and twenty three different synthetic wastewaters. They concluded that 
86% of types of wastewater treated achieved removal efficiencies of chemical oxygen 
demand (COD) close to 97%, which demonstrated the potential of BDD electrochemical 
systems for industrial applications (Serikawa et al. 2008). 
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2.1.2. Overpotential of oxygen evolution 
In order to make the correct choose of the working electrodes for the system, it is 
important to take a high hydrogen potential if for the cathode, and a high oxygen 
overpotential for the anode (Chen et al. 2005, Martínez-Huitle and Ferro 2006, Panizza 
and Cerisola 2009).  
Oxygen overpotential is an electrochemical property of the anode material. It 
represents the minimum voltage required to produce oxygen by the hydrolysis of the 
water, which is a side reaction that takes place at the anode (Chen 2004, Martinez-Huitle 
et al. 2015, Sirés et al. 2014). The oxidation of water to oxygen occurs at approximately 
1.2 V (Standard conditions vs. standard hydrogen electrode (SHE)) (Equation 1) 
(Anglada et al. 2009, Comninellis 1994). 
2 H2O  O2 + 4 H
+ + 4 e- Equation 1 
Anodic activity will depend on the value of the overpotential oxygen evolution of 
the anodic material (Table 1).  
Table 1. Potential of oxygen evolution of different anodes, V vs. SHE (Anglada et al. 2009, Chen 
2004) 
Anode Value (V) Conditions 
MMO (DSA®) 1.3 0.1 M Na2SO4 
Pt 1.3-1.6 0.5 M H2SO4 
IrO2 1.6 0.5 M H2SO4 
Graphite 1.7 0.5 M H2SO4 
PbO2 1.9 1 M HClO4 
SnO2 1.9 0.5 M H2SO4 
Ebonex® (Titanium oxides) 2.2 1 M H2SO4 
Si/BDD 2.3 0.5 M H2SO4 
Ti/BDD 2.7 0.5 M H2SO4 
DiaChem 2.8 0.5 M H2SO4 
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Low oxygen overpotential anodes (e.g., Pt, IrO2 and graphite) will present high 
selectivity for oxygen evolution reaction and low toward the oxidation of organics. Thus, 
high oxygen overpotential value (e.g., BDD electrodes) is required in order to increase 
the oxidation efficiency of the organic compounds (Anglada et al. 2009, Chen 2004). The 
system that will be operated in this project, BDD anode with high oxygen evolution 
overpotential will be the working electrode. 
2.1.3. Mechanisms of electrochemical oxidation 
Electrochemical oxidation of pollutants and microorganisms in an electrochemical 
system can be achieved by: i) direct electrochemical oxidation in the surface of the 
electrode by direct electron transfer and/or adsorbed oxidant species, and ii) indirect 
electrochemical oxidation mediated by the formed oxidant species in the bulk solution 
(Figure 2). 
 
Figure 2. a) Direct electrochemical oxidation, and b) Indirect electrochemical oxidation (i.e., 
mediated by water electrolysis) (Adapted from (Anglada et al., 2009)). 
Direct oxidation 
Direct oxidation occurs at the surface of the electrode and thus it requires the 
diffusion and adsorption of the pollutants to the anode surface to be oxidized. It can be 
mediated by direct electron transfer between the anode and the pollutant, or through 
active species adsorbed onto the anode surface. The principal concern of this process is 
that it is limited by the diffusion of the pollutants to the electrode surface, the reaction 
kinetics are slow, and electrode poisoning can take place (Comninellis and Chen 2010, 
Kapalka et al. 2010, Radjenovic et al. 2012). Also, direct electrochemical oxidation is 
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likely to occur only at low applied potentials, i.e., before the potential of oxygen evolution 
reaction or ion mediators is achieved (Radjenovic et al. 2012). 
Active and non-active anodes  
Anodes can be classified into active and non-active. At active anodes, the 
electrochemically produced “active oxygen” is chemisorbed on the surface of the 
electrode, while at non-active anodes, it is physisorbed (Chen 2004, Comninellis 1994, 
Martínez-Huitle and Ferro 2006, Panizza and Cerisola 2009). 
“Active oxygen” chemisorbed into the surface of the active anode results in a 
stronger interaction between the electrode surface and the active species. The active 
species interact with the pollutants, which are oxidized to more biodegradable products 
by electrochemical conversion (Equation 2). Active anodes present lower overpotential 
for oxygen evolution than non-active anodes (Table 1), and the current efficiency for the 
oxidation of organics at active anodes is lower. 
R  RO + e-  Equation 2 
The electrolysis of the water occurs in the anode with the consequent formation of 
hydroxyl radicals (•OH) (Equation 3) (Comninellis 1994, Jeong et al. 2006). 
H2O + M (anode)  M[
•OH] + H+ + e- Equation 3 
•OH radicals can interact with the active anode to form higher oxide MO (Equation 
4) which can oxidise the pollutant (Equation 5) (Comninellis 1994, Zhang et al. 2013). 
M[•OH]  MO + H+ + e-  Equation 4 
MO + R  M + RO Equation 5 
Organics can be completely mineralized to CO2 and other inorganic components 
by physisorbed “active oxygen” (i.e., •OH) in an electrochemical combustion reaction at a 
non-active anode surface (Equation 6) (Anglada et al. 2009, Brillas and Martínez-Huitle 
2015, Martínez-Huitle and Brillas 2009). Theoretically, electrochemical oxidation of 
organics to CO2 is possible, however, in practise the reaction takes place very slowly due 
to the kinetic and thermodynamic limitations (Comninellis 1994).  
R  CO2 + H2O + Salts + e
-  Equation 6 
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Lasaca et al. (2012) reported that the electrochemical oxidation conducted by 
mixed metal oxide (MMO) electrodes (Dimensionally stable anodes DSA®) is mainly due 
to direct electron transfer on the anode, so this material works as an active anode, while 
BDD electrochemical oxidation occurs through the •OH radicals and associated ozone 
produced on its surface, so this material works as a non-active anode (Lacasa et al. 
2012). 
Indirect oxidation 
Indirect electrochemical oxidation consists in the production of oxidising species at 
the anode (e.g., •OH, O3, H2O2, HClO/ClO
-) which can mediate in the oxidation of the 
pollutants in the bulk solution (Anglada et al. 2009, Radjenovic et al. 2012). Table 2 
summarises common oxidant species in electrochemical processes and their oxidation 
potentials. 
Table 2. Common oxidants and their oxidation potential at pH 0 vs. SHE (Radjenovic et al. 2012) 
Oxidant agents Oxidation Potential Energy, E° (V) 
Fluorine 3.03 
Hydroxyl radical 2.80 
Atomic oxygen 2.42 
Ferrate (VI) 2.20 
Ozone 2.07 
Peroxodisulfate 2.01 
Hydrogen peroxide 1.78 
Permanganate ion 1.77 
Perhydroxyl radical 1.70 
Permanganate 1.68 
Hypobromous acid 1.59 
Chlorine dioxide 1.57 
Silver (II) ion 1.50 
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Hypochlorous acid 1.49 
Perchlorate 1.39 
Chlorine 1.36 
Dichromate 1.23 
Dissolved oxygen 1.23 
Monochloramine 1.13 
 
When the chloride is present in the solution high oxidative radicals can be formed. 
Chloride is oxidized in at the anode to chlorine (Equation 7) (Kraft 2008, Patermarakis 
and Fountoukidis 1990). 
2 Cl-  Cl2 + 2 e
-  Equation 7 
The chlorine immediately reacts with water according to the following reactions 
(Equation 8 and 9) (Kraft 2008, Patermarakis and Fountoukidis 1990). 
Cl2 + H2O ↔ HOCl + H
+ + Cl-  Equation 8 
HOCl + H2O ↔ H3O
+ + OCl-  Equation 9 
Hypochlorous (HOCl) acid and hypochlorite anion (OCl-) production is directly 
dependant of the pH (Kraft 2008). At pH values above 4, the reaction in Equation 8 shifts 
to the right; and when pH is above 7.5 the reaction in Equation 9 shifts to the right. Cl2, 
HOCl, OCl-, and ClO2 are widely recognized as the main responsible of microorganisms 
inactivation in electrochlorination (Martínez-Huitle and Brillas 2008, Patermarakis and 
Fountoukidis 1990). 
However, when chlorine species are present in electrochemical processes, special 
attention has to be paid on the formation of halogenated by-products with high health risk 
(i.e., organohalogens, ClO2, ClO3
-, and ClO4
-) (Bergmann and Rollin 2007, Butkovskyi et 
al. 2013, Fang et al. 2006). The first study in which this problem is presented was 
performed by Comninellis and Nerini (1995) (Comninellis and Nerini 1995). Their 
formation in electrochemical processes is not generally covered by the current studies or 
by the legislation.  
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2.2. Electrochemical oxidation for the treatment of wastewater 
2.2.1. Electrolysis for organics removal  
Electrochemical treatment of water has been reported to be efficient for the 
removal of different organic contaminants (e.g., pharmaceuticals, pesticides, phenols) 
(Frontistis et al. 2011, Nagata et al. 2006, Patermarakis and Fountoukidis 1990, 
Sakakibara et al. 2010, Udert et al. 2013). While most of the studies is focused on anodic 
oxidation, electrochemical reduction at the cathode can be useful for the dehalogenation 
of organic compounds (e.g., trihalomethanes) (Radjenović et al. 2012). 
Martinez-Huitle et al., (2015) explains that two main approached have been 
proposed for the electrochemical abatment of organic pollutants in electrochemical 
oxidation processes: (1) electrochemical conversion of pollutants to more biodegradable 
compounds under the action of active oxygen species, and (2) electrochemical 
combustion (i.e., incineration) of organics to CO2 and H2O (Martinez-Huitle et al. 2015). 
The efficiency of the treatment will depend on several factors such as the 
operational parameters (e.g., current and voltage applied), influent composition (e.g., 
initial concentration of the target compounds, dissolved oxygen, ionic strength, 
temperature, pH), and reactor configuration (e.g., flow-through, flow-by reactor) (Chen et 
al. 2005). In addition, it is necessary to consider that during the treatment of some 
aromatic compounds (i.e., phenols), passivation can take place. In the presence of 
dissolved oxygen, phenols undergo polymerization reactions in the anode or in the 
activated carbon (AC) bed, and methods to prevent this reaction, or to regenerate the 
electrodes (e.g., by using high anode potentials) should be taken into account (Fortuny et 
al. 1998, Gao and Vecitis 2013).  
If the electrochemical oxidation is done in presence of chloride species, chlorine 
and hypochlorine generated in the anode are well known to be good oxidants of organic 
pollutants. However the formation of chlorinated by-products hinders the wide application 
of this technique (Bergmann and Rollin 2007, Chen 2004, Fang et al. 2006, Martínez-
Huitle and Brillas 2008, Sirés et al. 2014, Udert et al. 2013). 
Farmer et al. (1992) proposed the electrochemical oxidation of methylene glycol 
and benzene mediated by metal ions (i.e., Ag2+, Co3+, Fe3+, Ce4+ and Ni2+). The metal 
ions are oxidized on the anode to a reactive, high valence state, and react directly with 
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the pollutants. However, this system needs to be operated in highly acidic media, which 
limits its application (Farmer et al. 1992). 
In addition, Fe2+ salts (directly added into the water or released from a sacrifical 
iron anode) can promote electroFenton reaction, which has been demonstrated to be 
very effective for organics removal (Chen 2004). 
One important limitation for the implementation of these systems for the treatment 
of wastewater is the conductivity of the solution. Low conductivities can limit the 
transference of electrons from the anode and therefore the production of oxidant species 
that can degrade the pollutants. 
Some studies have opted for the addition of NaCl or chlorine species as an 
electrolyte (Brown et al. 2004b, Narbaitz and Cen 1994, Narbaitz and Karimi‐Jashni 
2008, Zhang 2002, Zhang et al. 2002, Zhang and Vecitis 2014, Zhou and Lei 2006b) to 
achieve higher conductivities in the system in order to improve the electrochemical 
process. However, when chlorine species are present in electrochemical processes, 
special attention has to be paid on the formation of halogenated by-products with high 
health risk (i.e., organohalogens, ClO2, ClO3
-, and ClO4
-) (Bergmann and Rollin 2007, 
Butkovskyi et al. 2013, Fang et al. 2006). 
The performance of the electrochemical process can also be improved by 
increasing the contact area between the electrodes and the bulk solution within the 
reactor. In this context three-dimensional electrochemical reactors have been used for 
the treatment of low-conductivity drinking water (Sonoyama and Sakata 1999, Sonoyama 
et al. 2003). 
2.2.2. Electrolysis for water disinfection 
Nowadays, chlorination is the most recognized water disinfection method. 
However, its application presents some disadvantages such as the production of harmful 
disinfection by-products (DBPs), unfavourable taste and odour when chlorine is in 
excess, ineffectiveness against some resistant microorganisms (i.e., Cryptosporidium 
spp.), and the hazards associated with the transport and handle of large amounts of 
chlorine (Kerwick et al. 2005, Kraft 2008, Martínez-Huitle and Brillas 2008, Sedlak and 
Von Gunten 2011).  
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Alternative treatments to chlorination include (Kerwick et al. 2005, Kraft 2008, 
Martínez-Huitle and Brillas 2008): 
- Chemical treatment (i.e., ozonation, hydrogen peroxide, silver/copper) 
- Physicochemical treatment (i.e., photocatalysis with titanium dioxide, 
photodynamic disinfection, electrochemical disinfection) 
- Physical treatments (i.e., ultraviolet irradiation (UV), ultrasonication, magnetic 
enhanced disinfection and microwave systems, membrane-based technologies 
(i.e., ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), electrodialysis)) 
Electrochemical disinfection has emerged as a promising alternative for water 
disinfection, but it has been rarely used due to the lack of knowledge, and the market 
competition with other available technologies (Kerwick et al. 2005, Kraft 2008). Studies 
suggest several advantages of this technology as disinfection treatment, such as low 
cost, easy operation and automation, relatively high energy efficiency, and no transport, 
storage and dosage of chemicals. The performance of electrochemical disinfection can 
be easily controlled by setting the current or potential applied. Also, electrodisinfection is 
effective against a wide range of microorganisms (e.g., virus, bacteria and algae) (Feng 
et al. 2004, Gao and Vecitis 2013, Hussain et al. 2014, Jeong et al. 2006, Kraft 2008, 
Martínez-Huitle and Brillas 2008). Promising results have been reported using these 
systems for the disinfection of drinking water, swimming pool water and industrial cooling 
water (Kraft 2008).  
The efficiency of electrochemical system against microorganisms is largely 
dependent on the configuration of the reactor, the anode material, the electrolyte 
composition and the operational conditions (current applied and reaction time) (Hussain 
et al. 2014, Kerwick et al. 2005, Martínez-Huitle and Brillas 2008, Pareilleux and Sicard 
1970).  
These systems have been effectively used for water disinfection (Table 3). 
Furthermore, it has been reported that the high oxidation potential of the ROS produced 
in electrochemical systems are more effective than chlorine for disinfection (Jeong et al. 
2006).  
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Table 3. Electrochemical disinfection of different microorganisms reported in literature 
Microorganism Reference 
Legionella (Feng et al. 2004) 
Escherichia Coli (e. coli) (Frontistis et al. 2011, Golub et al. 1987, 
Grebenyuk et al. 1990, Kerwick et al. 2005, 
Matsunaga et al. 1992a, Matsunaga et al. 1992b, 
Matsunaga et al. 2000, Okochi et al. 1997, 
Pareilleux and Sicard 1970) 
Bacteriophage MS2 (Kerwick et al. 2005) 
Aeromonas hydrophyla (Matsunaga et al. 2000) 
Bacillus subtilis (Grebenyuk et al. 1990, Matsunaga et al. 1992a, 
Matsunaga et al. 2000) 
Klebsiella pneumonia (Matsunaga et al. 2000) 
Pseudomonas cepacia (Matsunaga et al. 2000) 
Pseudomonas fluorescens (Matsunaga et al. 2000) 
Sacharomices cerevisiae (Matsunaga et al. 1992a, Matsunaga et al. 2000) 
Staphylococcus aureus (Grebenyuk et al., 1990; Matsunaga, Nakasono, 
and Masuda, 1992 
Salmonella typhimurium (Golub et al. 1987) 
Legionella pneumofila (Furuta et al. 2005) 
 
Generally, bacteria are less infectious and much more sensitive to treatment 
processes than viruses (State-of-Victoria February 2013). Although, electrochemical 
inactivation of viruses has demonstrated to be effective, bacteria have shown to be more 
vulnerable to this treatment than virus. Liu et al. (2013) reported 2 log removal for MS2 
and 6 log removal for e. coli, Salmonella enterica, Enterococcus faecalis, and Bacillus 
subtilis by applying 20 and 10 V, for virus and bacteria respectively (Liu et al. 2013). 
Kerwick et al. (2005) demonstrated that electrochemical disinfection at 5 V is effective 
against bacteriophage MS2 and e. coli (Kerwick et al. 2005). 
Depending on the possible uses of reclaimed water, guidelines for water 
reclamation and reuse consider different microorganisms. 
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Adsorption/electrosorption of microorganisms 
One of the mechanisms of microorganism removal in the presence of an 
adsorbent material is the attachment of the cells at the pores of the material surface 
(Golub et al. 1987, Karumuri et al. 2013, Oren et al. 1983). Many studies have described 
that the tendency for bacteria adsorption on different materials surfaces is driven by 
electrostatic forces between charged groups present on the cell wall and the material 
surface, which are oppositely charged which can contribute to the disinfection of the 
wastewater (Golub et al. 1987, Matsunaga et al. 2000, Oren et al. 1983). However, 
despite microorganisms may be partially removed from the water, they are not being 
inactivated and can continue growing on the material surface and they can be eventually 
released to the treated water when the material becomes saturated. Therefore, 
adsorption constitutes an incomplete system for the removal of pollutants and 
microorganisms as they are only being transferred not degraded.  
When a potential is applied through the adsorbent material, electrosorption of 
pollutants and microorganisms can be induce a better removal performance. Adsortpion 
of bacteria has been demonstrated on charged carbon based materials. Golub et al. 
(1987) reported that when applying a cell potential of 1.5 V between two carbon 
electrodes, removal efficiencies of 100% for Salmonella typhimurium and e. coli are 
achieved, compared to efficiencies of 85% and 95% respectively obtained when 
operating in open circuit, however, adsorbed bacteria are not necessarily dead (Golub et 
al. 1987). 
Oren et al. (1983) demonstrated that the removal of e. coli (negatively charged) 
can be achieved on a porous carbon anode by electrosorption. Desorption of the 
adsorbed cells is induced by switching the polarity of the electrode (Oren et al. 1983). 
Disinfection by electrochemical oxidation 
The presence of an electrical field can affect the microorganism metabolism and 
inactivate it by electrochemical reactions taking place inside of the cell (Patermarakis and 
Fountoukidis 1990). Some studies have reported the inactivation of the microorganisms 
by direct electron transfer between the electrode surface and the cells (Matsunaga et al. 
1994, Matsunaga et al. 1992b, Matsunaga et al. 2000, Okochi et al. 1997). 
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Electroporation principle  
Electroporation consists of the application of an electric field in order to increase 
the cell membrane permeability of microorganisms. The applied electric field should be 
enough to achieve the breakdown potential of the cell membrane (i.e., 800 kV cm-1 for a 
5 nm membrane) (Liu et al. 2013, Schoen et al. 2010). This technique is commonly used 
in microbiology to insert DNA into a variety of cells (Figure 3) (Haas and Aturaliye 1999). 
 
Figure 3. Electroporation principle. 
If this technique is applied in the presence of a chemical disinfectant, (e.g., 
chlorine, hydrogen peroxide, antibacterial nanoparticles), it may result in the inactivation 
of the microorganism (Haas and Aturaliye 1999, Karumuri et al. 2014, Karumuri et al. 
2013, Schoen et al. 2010). 
Direct electrochemical disinfection 
Several studies have reported that direct electron transfer between the surface of 
the anode and the cell, under low alternating or direct potential, may also inactivate 
microorganisms (Figure 4) (Feng et al. 2004, Hussain et al. 2014, Martínez-Huitle and 
Brillas 2008, Vecitis et al. 2011). 
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Figure 4. Direct electrochemical disinfection (Adapted from (Vecitis et al., 2011)). 
Jeong et al. (2006) demonstrated that direct electron transfer reaction can cause 
the inactivation of the cells. The potential applied was low enough to ensure that no 
oxidants were formed in the media (Jeong et al. 2006). The main reason of this 
inactivation is the dimerization of the Coenzyme A in the wall of the cell (Jeong et al. 
2006, Matsunaga et al. 1992b). Also, membrane disruption takes place during the 
reaction (Matsunaga et al. 1994). The contribution of direct electrochemical inactivation 
of microorganisms can very low compared to the indirect electrochemical process, when 
the diffusion of the microorganisms is the major rate-limiting stage in the system (Jeong 
et al. 2006).  
Potential of 0.7-0.74 V vs. saturated calomel electrode (SCE) has been reported to 
be efficient for inactivation and death of the Vibrio alginolyticus cell (Matsunaga et al. 
1995), Saccharomyces cerevisiae, Bacillus subtilis and e. coli (Matsunaga et al. 1994, 
Matsunaga et al. 1984, Matsunaga et al. 2000). Pareilleux and Sicard (1970) determined 
cell viability (i.e., e. coli) decreases when the value of the current increases (Pareilleux 
and Sicard 1970).  
Indirect electrochemical disinfection 
Indirect electrochemical disinfection is carried out by oxidant species that are 
generated in the solution by electrolysis (i.e., free chlorine, chlorine dioxide, hydrogen 
peroxide, ozone) (Feng et al. 2004, Kerwick et al. 2005, Vecitis et al. 2011). 
Some authors have reported that changes in the solution chemistry during the 
operation of the electrochemical system, pH and temperature can also affect the viability 
of the microorganisms during its operation (Schoen et al. 2010). The indirect increase of 
the temperature in the system during the electrochemical oxidation could have a lethal 
effect on the microorganisms (Feng et al. 2004, Pareilleux and Sicard 1970). As an 
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example, Feng et al. (2004) have reported thermal disinfection of Legionella is effective 
at temperatures higher than 60°C (Feng et al. 2004). Also the change in pH in 
electrochemical reactor could affect the microorganisms present in the media. Decrease 
in pH due to water electrolysis at the anode can cause damage on the cell wall and also 
cell death (Hussain et al. 2014).  
Recent studies have recognized the main role of ROS in water disinfection (e.g., 
hydroxyl radical (•OH), atomic oxygen (•O), hydrogen peroxide (H2O2), and ozone (O3)), 
which can be generated by the electrolysis of water at the anode or AC filling (Figure 5) 
(Martínez-Huitle and Brillas 2008). 
 
Figure 5. Indirect electrochemical disinfection (Adapted from (Vecitis et al., 2011)). 
Among ROS, •OH radical is the most effective disinfectant (Jeong et al. 2006). 
However, due to the short time life of some of this species, disinfection by •OH will take 
place only in the vicinity of the electrode surface (Patermarakis and Fountoukidis 1990).  
Electrochlorination 
Electrochlorination has been recognized as the most popular method of 
electrochemical disinfection (Martínez-Huitle and Brillas 2008). When chlorine is present 
in the solution, chlorine species can be electrochemically formed in the anode (i.e., Cl2, 
HOCl, OCl-, and ClO2) which are the main responsible of microorganisms inactivation. It 
could be carried out in two different ways: the external synthesis of free chlorine in an 
electrolytic generator, or the direct production of oxidant species by the electrolysis of the 
treated water in the presence of chloride ions (Hussain et al. 2014, Martínez-Huitle and 
Brillas 2008, Patermarakis and Fountoukidis 1990, Stoner et al. 1982).  
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Pareilleux and Sicard (1970) reported the first evidence that the presence of 
chlorides in the electrochemicaly treated solution may improve the disinfection (Pareilleux 
and Sicard 1970). Matsunaga et al. (1994) reported a successful electrochemical 
inactivation of the bacteria when the initial concentration of chlorine was 1.1-1.3 mg L-1 
(Matsunaga et al. 1994). 
In addition, the overpotential of chlorine and oxygen evolution on BDD has been 
reported of 1.9 and 2.4 V (vs. SCE) respectively and so, higher current density is needed 
to be applied in order to improve the chlorine current efficiency (Grebenyuk et al. 1990, 
Wu et al. 2009). 
Also in this process is important to have in consideration the problems involved 
with the formation of toxic DBPs (Bergmann and Rollin 2007, Fang et al. 2006, Martínez-
Huitle and Brillas 2008). The major drawback of this process is that the presence of 
chlorine in the solution promotes the formation of persistent chlorinated by-products with 
high health risk, which may increase the toxicity of the treated water. 
2.3. Three-Dimensional electrochemical systems  
Some researchers have opted for combining adsorption and electrochemical 
oxidation by adding particles in the volume of the electrochemical reactor, which is 
named “third electrode”, “particle electrode” or “bed electrode” (Can et al. 2014, 
Cañizares et al. 2004, Sakakibara et al. 2010, Zhang et al. 2013). It has been recognized 
that efficiency of a conventional electrochemical system for wastewater treatment can be 
substantially improved by the use of a bed material inside the reactor (Hussain et al. 
2014, Zhang et al. 2013, Zhu et al. 2011). The system experience an increase of the 
specific surface area and a decrease in mass transfer limitations, which incurs in a more 
effective and promising system for water treatment. In addition, when a potential is 
applied in the reactor, the particles will be polarized and they may act as a group of 
“microelectrodes”, each of them presenting a positively and a negatively charged side 
which can induce electrochemical reactions on the bed material (Figure 6) (Martinez-
Huitle et al. 2015, Yasri et al. 2015, Zhang et al. 2013). Furthermore, the adsorption on 
the bed material concentrates the pollutants on the surface of the adsorbent, prior to 
oxidise them. This process has been recognized for having potential environmental 
applications for the removal of natural organic matter (NOM) and persistent organic 
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pollutants, and also as an industrial water or GW recycling system (Hussain et al. 2014). 
In addition, due to the large surface area of this configuration, the presence of the 
particles can provide more active sites for catalytic reactions, which may result in an 
increase of the removal efficiency rate (Zhang et al. 2013). 
 
Figure 6. Micro-electrode effect on bed material (Adapted from (Yasri et al., 2015)). 
Three-dimensional (3D) electrochemical systems have shown better conversion 
rates due to the increase of the specific surface area compared to the two-dimensional 
(2D) electrochemical systems (Figure 7) (Zhang et al. 2013, Zhu et al. 2011). Some 
studies have developed different configurations of electrochemical systems with a filling 
bed material (Figure 8).  
When filling particles are between the anode and the cathode in an 
electrochemical systems they can be directly in contact or not with the surface of the 
electrodes. If particles are placed without direct electric contact, they can contribute to 
the removal of the pollutants in the bulk solution by adsorption, catalysis, while 
electrochemical reactions will mainly occur on the proximities of the electrodes (Zhang et 
al. 2013). However, it is not expected that electrochemical reactions on the surface of the 
bed material can largely contribute to enhance the performance of the system. While, 
when particles are in direct contact with the electrodes, its polarization may be greatly 
enhanced and electrochemical reactions on the surface of the particles can be favoured. 
The scale-up and application of these systems, is going much slower that 2D 
electrochemical systems (Zhang et al. 2013). 
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Figure 7. a) 2D electrochemical reactor, and b) 3D electrochemical reactor. 
 
Figure 8. Examples of different configurations of electrochemical systems with a filling material; a) 
combined adsorption – electrochemical regeneration (Adapted from (Cañizares et al. 2008, Cañizares et al. 
2009)), and b) electrolytic system for the removal of trichloroethylene (Adapted from (Shin et al. 2013)). 
The adsorption on the bed material concentrates the pollutants on the surface of 
the adsorbent, prior to oxidise them. This process has been recognized for having 
potential environmental applications for the removal of NOM and persistent organic 
pollutants, and also as an industrial water or GW recycling system (Hussain et al. 2014). 
In addition, due to the large surface area of this configuration, the presence of the 
particles can provide more active sites for catalytic reactions, which may result in an 
increase of the removal efficiency rate (Zhang et al. 2013). 
The bed inside the system can be a fixed bed or fluidized (Zhang et al. 2013, Zhou 
and Lei 2006a). These systems have been used for the treatment of different types of 
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wastewater, such as general industrial effluents (Ban et al. 1998), dyes (Neti and Misra 
2012, Xiong et al. 2001, Zhao et al. 2010), oil refinery wastewater (Wei et al. 2010, Yan 
et al. 2011), phenolic derivatives (Zhou et al. 2004, Zhu et al. 2011), surfactants (Kong et 
al. 2006), paper mill wastewater (Wang et al. 2007) or RO concentrates (Liu et al. 2012). 
Zhu et al. (2011) utilized a reactor composed of a BDD anode and stainless steel 
cathode, and an AC bed as a third electrode. They reported an improvement by 2-7 times 
in the p-nitrophenol and COD removal efficiency of 3D systems compared to 2D systems 
(Zhu et al. 2011). Zhang et al. (2013) determined that COD removal efficiency in a 3D 
electrochemical reactor is 10-50% higher than in a 2D reactor (Zhang et al. 2013). 
Removal of endocrine disrupting chemicals (e.g., 17β-estradiol, bisphenol A, 
nonylphenol, 4-t-octyl phenol, 2,4-dichlorophenol, benzophenon, diethylphetalate and 
pentachlorophenol) in a 3D electrochemical reactor, has also been demonstrated by 
Sakakibara et al. (2010) and Nagata et al. (2006), using granular Pt/Ti as a bed material 
(Nagata et al. 2006, Sakakibara et al. 2010). Other organics can also be removed by 
these systems (Table 4). 
Table 4. Pollutants removal by 3D electrochemical systems 
Pollutant 
Anode/Cathode 
material 
Bed 
material 
Reference 
P-nitrophenol and COD BDD / Stainless Steel AC (Zhang et al. 2013) 
Endocrine disrupting 
chemicals 
Pt/Ti / Pt/Ti 
Ti coated 
with Pt 
(Nagata et al. 2006, 
Sakakibara et al. 2010) 
4,4’-diaminostilbene-
2,2’-disulfonic acid 
Ti-SnO2 / Stainless 
Steel 
AC (Wang and Zhao 2010) 
Atrazine 
MMO-Ti / Stainless 
Steel 
Nyex 100 
(carbon 
powder) 
(Brown et al. 2004a) 
P-nitrophenol and COD BDD / Stainless Steel AC (Zhu et al. 2011) 
Acidic aqueous phenol 
waste 
Stainless Steel / 
Stainless Steel 
AC (Cañizares et al. 2004) 
Methylquinolinium 
chloride, benzyl alcohol, 
naphtalenesulfonic acid 
potassium salt, and 
Pt/Ti / Pt/Ti AC (Ban et al. 1998) 
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naphthoic acid 
potassium salt 
P-nitrophenol 
Β-PbO2 / Stainless 
Steel 
AC (Zhou and Lei 2006a) 
 
The principal mechanisms for the removal of pollutants in these systems are: 
A) ADSORPTION AND ELECTROSORPTION IN THE BED MATERIAL 
Adsorption of pollutants on the surface of the bed material is the main stage, 
especially when the material has high porosity (Zhang et al. 2013). In addition, when an 
electric field is applied on the particles, each particle will acquire charge. The electric field 
created at each particle, will attract the pollutants inversely charged and possibly retain 
them by electrosorption (Ban et al. 1998, Hazourli et al. 1996, Piersma 1967, Plaisance 
et al. 1996, Zhang et al. 2013). 
B) OXIDATION-REDUCTION AND CATALYTIC DEGRADATION 
Due to the electric field applied, each particle will act as a “micro-electrolytic cell” 
and may induce direct and indirect oxidation and reduction of contaminants (Zhang et al. 
2013). 
One of the main advantages of this process is the in-situ regeneration of the bed 
material, which minimizes the adsorbent supply (Zhou and Lei 2006a). 
Carbon based materials are usually preferred as a bed material in a 3D 
electrochemical reactor. Lv et al. (2009) demonstrated good performance of carbon 
aerogel due to its properties such as low density, high surface area, great porosity and 
relative good electrical conductivity (Lv et al. 2009). Also, other materials as modified 
kaolin has been used (Kong et al. 2006) as a bed in these systems. 
When metals (i.e., iron, aluminium, stainless steel) are present in the 
electrochemical system, electrocoagulation may take place (Zhang et al. 2013). 
Moreover, during the recent years, the addition of functionalized materials (i.e., materials 
whose surface has been chemically treated to add new functions) is presenting promising 
results in the performance of these systems. For example, H2 and O2 can react an form 
H2O2 in a process mediated by palladium catalyst, and also it can decompose the H2O2 
to •OH (Yuan et al. 2012).  
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In the presence of ferrous iron, H2O2 generated at the cathode can decompose to 
•OH radicals in a Fenton reaction (Yan et al. 2011, Zhang et al. 2013).  
Fe2+ + H2O2 + H
+  Fe3+ + •OH + H2O  Equation 10 
Other transition metals (i.e., copper, manganese, or cobalt) can also present 
catalytic activity for Fenton-like reactions, and some metal oxides are also good 
catalyzers for organics removal (i.e., SnO2, SbO3, RuO2, IrO2) (Zhang et al. 2013).  
2.3.1. Activated carbon as a bed material 
AC is usually chosen due to its good adsorption properties, low cost, and 
possibility of electrochemical regeneration (Brown et al. 2004b, García-Otón et al. 2005, 
Narbaitz and Cen 1994, Narbaitz and Karimi‐Jashni 2008, Zhang et al. 2013, Zhang 
2002, Zhang et al. 2002, Zhou and Lei 2006b). 
In 3D electrochemical reactors with AC filling, synergies between electrochemical 
oxidation, AC adsorption and also electrocatalysis on the AC due to the formation of •OH 
radicals have been observed (Figure 9) (Wang and Zhao 2010, Zhang et al. 2013, Zhou 
and Lei 2006a, Zhu et al. 2011). 
 
Figure 9. AC as a bed material in a 3D electrochemical system: a) adsorption; b) direct 
electrochemical oxidation; c) indirect electrochemical oxidation •OH radicals, formed through the catalysis 
of H2O2 in contact with the AC. 
A) ADSORPTION AND ELECTROSORPTION 
If AC is present in a 3D electrochemical system, it is polarized by the electric field 
and active sites are generated on its surface, which can promote electrosorption of the 
charged species (Ban et al. 1998, Hazourli et al. 1996, Plaisance et al. 1996, Zhang et al. 
2013). However, the efficiency of electrosorption is contaminant-specific (Piersma 1967, 
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Woodard et al. 1986). For example, Zhu et al. (2011) have reported that the 
electrosorption in a 3D electrochemical system for p-nitrophenol and COD removal, has a 
weak effect in the performance of the electrochemical system (Zhu et al. 2011). However, 
electrosorption plays an important role in the removal of microorganisms from the water 
effluent (Golub et al. 1987, Oren et al. 1983). 
In addition, chlorinated derivatives produced in electrochemical systems are 
usually hydrophobic, thus, their adsorption on AC may be increased during the 
electrochemical process in a 3D reactor (Butkovskyi et al. 2013). 
B) DIRECT AND INDIRECT ELECTROCHEMICAL OXIDATION 
Several studies have reported that polarized AC, as a bed material in these 
systems, can perform direct electrochemical oxidation of pollutants on its surface, and 
also indirect electrochemical oxidation can take place by the generation of strong 
oxidants (e.g., H2O2, Cl2, HClO) (Wang and Zhao 2010, Zhang et al. 2013, Zhu et al. 
2011). However, the performance of the system when AC is in direct contact with the 
electrodes can vary compared with a system in which AC is separated. 
The presence of the electric field promotes the electric activation of each AC 
particle which can act as a bipolar material, resulting in the enhancement of the current 
efficiency (Wang and Zhao 2010). 
C) CATALYSIS  
When AC is polarized in the electric field of a 3D electrochemical system, oxygen 
can be reduced into the surface of the material to hydrogen peroxide. Then, AC acts as a 
catalyst in the decomposition of hydrogen peroxide to •OH radicals (i.e., AC provide 
catalytic activity for the formation of •OH radicals from hydrogen peroxide) (Lücking et al. 
1998, Zhou and Lei 2006b). This reaction plays an important role on the enhancement of 
the 3D electrochemical system compared to a 2D electrochemical system (Zhang et al. 
2013, Zhou and Lei 2006a, Zhu et al. 2011). 
2.3.2. Electrochemical regeneration of activated carbon 
AC is one of the most common adsorbents used in water treatment (Brown et al. 
2004b). Once the AC is saturated, it is usually disposed of by landfill or incineration 
(Brown et al. 2004a), or it can be regenerated by different alternatives (i.e., chemical, 
ultrasonic, microbial, wet air oxidation, thermal).  
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Thermal regeneration is the most widely used at industrial scale (Brown et al. 
2004a). Regeneration efficiencies of this process are above 90%, however, it is a high 
energy consuming process, it implies high investment capital and operational costs, and 
it is characterized by a 5-10% of material losses (Brown et al. 2004a, Brown et al. 2004b, 
Narbaitz and Karimi‐Jashni 2008, Streat and Horner 2000, Zhang et al. 2013, Zhang 
2002). Furthermore, the saturated material need to be transported long distances to the 
regeneration plant, which will result in an increase in the process costs (Zhang 2002), 
thus this process is economically feasible when AC average usage rate is over 620 kg d-1 
(Narbaitz and Karimi‐Jashni 2008).  
Chemical regeneration is also commonly used. In this case the AC can be 
regenerated in-situ, and the material loss is insignificant. However, the regeneration 
efficiency (RE) will depend on the type of pollutant, and most of the times it is lower than 
70% (Zhang 2002). In this context, alternatives for AC regeneration would be needed. 
Carbon based materials can be regenerated electrochemically (Brown and 
Roberts 2007, Brown et al. 2004a, Brown et al. 2004b). Brown et al. (2004) have 
reported the effectiveness electroregeneration of a carbon-based material saturated with 
crystal violet dye. They show that there is no loss in adsorbent capacity after several 
electroregeneration cycles (Brown et al. 2004b). Electrochemical regeneration of 
atrazine-loaded carbon based material has been demonstrated in less than 20 minutes at 
400 mA, and also adsorption capacity of the material can be enhanced by 
electrochemical treatment (Brown et al. 2004a). Hussain et al. (2014) reported the 
effectiveness of the combination of adsorption and electrochemical regeneration of a 
graphite flake adsorbent for the removal of phenol (Hussain et al. 2013a, Hussain et al. 
2013b). 
Controlled adsorption/desorption (electrosorption) operation system for the 
removal of industrial pollutants (e.g., methylquinolinium chloride, benzyl alcohol, 
naphtalenesulfonic acid potassium salt, and naphthoic acid potassium salt) and the in-
situ regeneration of the system was performed by Ban et al. (1998) (Ban et al. 1998). 
Also Ania et al. (2008) demonstrated the regeneration of AC cloth saturated with 
bentazone using this mechanism (Ania and Béguin 2008). Switching the polarity of the 
electrodes in order to desorb the pollutants is only useful if there is an interest in 
recovering the compounds, for example in metal recovery applications. This mechanism 
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has been proved to avoid biofilm growing in the electrodes surface, by alternating 1.0 V 
and – 0.8 V (vs. SCE) (Okochi et al. 1997).  
Promising efficiency of electrochemical regeneration of AC, by oxidation of the 
adorbed pollutants, has been demonstrated in the recent years (Narbaitz and Cen 1994, 
Narbaitz and Karimi‐Jashni 2008, Wang and Zhao 2010, Zhang et al. 2013). This 
process presents several advantages (Narbaitz and Cen 1994, Narbaitz and Karimi‐
Jashni 2008, Zhang 2002, Zhang et al. 2002): 
- It can be operated in-situ. 
- Reported efficiencies are close to 95%. 
- Minimal material losses. 
- Destruction of the contaminants adsorbed by electrochemical oxidation. 
- Sustainable technique for its usage in small-medium sized treatment facilities. 
It consists in the regeneration of the adsorbent capacity of the material in an 
electrolytic cell, by the electrochemical desorption/oxidation of the adsorbed pollutants 
(Brown et al. 2004a, Zhang 2002). Oxidation of contaminants by •OH radicals formed at 
the AC surface was reported as the main mechanism for the AC regeneration in 3D 
electrochemical systems (Zhou and Lei 2006a). Electrochemical regeneration can be 
affected by the applied current density, pH, regeneration time, and electrolyte 
concentration. It is necessary to consider these parameters in order to make the process 
cost-effective (Zhang et al. 2013).  
Zhou and Lei (2006) reported values of regeneration efficiencies close to 90% for 
AC saturated with p-nitrophenol in 1.5 hours, and this value remained constant after five 
regeneration cycles (Zhou and Lei 2006b). Electrochemical regeneration of AC 
exhausted with phenol or NOM was achieved by Narbaitz and Cen (1994) and Narbaitz 
and Karimi-Jashni (2008), at values close to 100% and 80% respectively (Narbaitz and 
Cen 1994, Narbaitz and Karimi‐Jashni 2008). Phenol loaded AC has been reported to be 
electrochemically regenerated achieving 85.2% and 80% by Zhang (2002) and Zhang et 
al. (2002) respectively (Zhang 2002, Zhang et al. 2002). Garcia-Oton et al. (2005) 
reported efficiencies of 100% for electrochemical regeneration of this material loaded 
with toluene by gas adsorption (García-Otón et al. 2005).  
However, the majority of these studies use NaCl as an electrolyte, which is 
oxidized to chlorine at the anode (Brown et al. 2004b, Narbaitz and Cen 1994, Narbaitz 
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and Karimi‐Jashni 2008, Zhang 2002, Zhang et al. 2002, Zhou and Lei 2006b). 
Consequently, active chlorine species can also oxidize the pollutants and promote the 
formation of toxic chlorinated by-products (Bergmann and Rollin 2007, Butkovskyi et al. 
2013, Fang et al. 2006, Martínez-Huitle and Brillas 2008, Patermarakis and Fountoukidis 
1990). 
Table 5. Electrochemical regeneration conditions and efficiencies of AC 
Pollutant RE Experimental conditions Reference 
Acidic aqueous 
phenol waste 
80% 
Recirculation of the treated 
water, 1 A 
(Cañizares et al. 
2004) 
P-nitrophenol 90% 
NaCl (5.0 g L-1) as 
electrolyte, 3 A, 1.5 hours 
(Zhou and Lei 2006b) 
Toluene 100% 
0.5 M NaOH as electrolyte, 
3 V vs. RHE, 3 hours 
(García-Otón et al. 
2005) 
Phenol and 
NOM 
80% 
0.1M NaCl as electrolyte, 
200 mA, 5 hours 
(Narbaitz and Karimi‐
Jashni 2008) 
Phenol 95% 
1% NaCl as electrolyte, 100 
mA, 5 hours 
(Narbaitz and Cen 
1994) 
Phenol 80% 
2% NaCl as electrolyte,  
50-300 mA, 5 hours 
(Zhang et al. 2002) 
Phenol 85.2% 
1% NaCl as electrolyte,  
80 mA, 5 hours 
(Zhang 2002) 
E. coli ≈100% 
NaCl (0.3% w/v) acidified 
with 5 M HCl (pH 1-2) as 
electrolyte, 10-50 mA, 20-
40 min 
(Hussain et al. 2014) 
4,4’-
diaminostilbene-
2,2’-disulfonic 
acid wastewater 
≈100% 
Na2SO4 (5% w/w) as 
electrolyte, 200-675 mA 
m-2, 180-80 min 
respectively 
(Wang and 
Balasubramanian 
2009) 
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2.4. Current technologies for the treatment of domestic greywater 
One of the main limitations of the reuse of domestic greywater produced at 
household scale is the regulations in every country that either allows or not, or even does 
not contemplate the implementation of these systems. For example, in some states in US 
guidelines allow the reuse of greywater (i.e., California, Nevada, Oregon, etc.), while in 
other states there is a lack in greywater regulation or it is not allowed to reuse it (i.e., 
Missouri or Kansas). When it is allowed, the reuse of greywater is mainly focused on 
toilet flushing, irrigation and garden watering, laundry, car washing and infiltration (Pidou 
et al. 2007b). 
In addition, community acceptance of recycled water usage is a critical component 
that can affect the development of these systems and its implementation (Fielding et al. 
2018, Tortajada and Nam Ong 2016). Several studies reported how the social opposition 
can result in the demise of recycled water schemes (Hurlimann et al. 2009, Po et al. 
2003, Uhlmann and Head 2011). According to Leonard et al. (2014) public opinion on the 
implementation of these systems can be influenced by the perceptions they have of the 
effectiveness of governance in the development of public regulations to ensure the safety 
of these systems (Leonard et al. 2014). In addition, Po et al. (2003) reported a variety of 
factors that can affect the acceptability of these systems such as: specific uses, the 
source of recycled water, attitudes towards the environment, costs and risk perceptions 
on the failure of the water treatment process (Po et al. 2003). Therefore, it is important to 
keep community informed, and educate them in the need for policy and the 
implementation of these systems, as well as integrating them in the decision making and 
strategies development so they can play a role in developing better solutions for recycled 
wastewater systems (Fielding et al. 2018). 
Literature based on technologies for the treatment of greywater mainly comprise 
biological systems, filtration systems and chemical systems as follows. 
2.4.1. Biological-based technologies 
Biological processes for the treatment of greywater in decentralised systems have 
been reported since 1980’s and 1990’s, such as biological contractors (Nolde 2000), 
biological aerated filters (BAF) (Jefferson et al. 2001), fixed film reactors (Nolde 2000), 
anaerobic filters (Couto et al. 2015, Imura et al. 1995), sequencing batch reactors 
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(Lamine et al. 2007), membrane bioreactors (MBR) (Atasoy et al. 2007, Judd 2010, 
Santasmasas et al. 2013), and extensive technologies such as wetlands (Avery et al. 
2007, Gross et al. 2007). 
Conventionally, biological systems are preceded by a pre-treatment of screening 
to remove particles and colloids, and followed by a disinfection stage to ensure the 
microbiological quality of the treated water. Pidou et al. (2007) reported that when a 
biological stage is included, the treatment of greywater achieved high organic and solids 
removal. However, in terms of microbiological quality, only MBRs successfully disinfect 
the water without the need of a disinfection stage (Jefferson et al. 2001, Pidou et al. 
2007a). In addition, biological systems are very sensitive to variations in the influent load 
and composition (Pidou et al. 2007a). 
MBR have been recently studied for the treatment of greywater in decentralised 
systems (Atasoy et al. 2007, Bani-Melhem et al. 2015, Lesjean and Gnirss 2006, Paris 
and Schlapp 2010, Santasmasas et al. 2013, Tadkaew et al. 2007). Their compact 
design, and the effectiveness of the process, particularly disinfection when microfiltration 
(MF) or UF are used as a final stage of the process, make them suitable for this 
application. In addition, these systems are very versatile and robust to shock loadings, 
and can be easily automatized (Atasoy et al. 2007, Li et al. 2009c, Shannon et al. 2008a, 
Tadkaew et al. 2007). Santasmassas et al. (2013) developed a 4-stage system that 
comprises (1) screening for the separation of solids that could damage the membranes; 
(2) biological oxidation in the bioreactor; (3) filtration using an UF membrane; and (4) 
disinfection by chlorination to avoid health risk in the storage and reuse of the treated 
water. Real greywater from an industrial plant was recollected and treated, to be recycled 
for toilet flushing, at a flow rate of 19.2 L m-2 h-2 (maximum capacity 1500 L d-1, HRT 19.5 
h) with a power consumption of 2.9 kWh m-3 The system achieved a reduction of COD, 
biological oxygen demand (BOD), total suspended solids (TSS) and turbidity between 90-
98%, achieving effluent values of 50 mg L-1, 6.2 mg L-1, 1.3 mg L-1, and 1.2 NTU 
respectively, which not only complies with the Spanish legislation for urban water reuse, 
but also with more restricted international guidelines such as Queensland Water 
Recycling Guidelines (2005), and EPA/624/R-04/108. Concerning microbial parameters, 
this system has demonstrated reductions between 2-6 logs for e. coli, and 100% of 
nematode eggs. However the final chlorination of the treated water is needed to ensures 
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the microbiological quality for subsequent uses (Santasmasas et al. 2013). Atasoy et al. 
(2007) reported an MBR system for the treatment of greywater and black water. The 
system has a maximum capacity of 600 L. HRT is 18 and 36 h for greywater and 
blackwater treatment respectively. It achieved removal efficiencies of 95% COD, 92% 
total nitrogen (TN) and 99% TSS for greywater, and 96% COD, 89% TN and 99% TSS 
for blackwater. After the biological treatment, disinfection of the effluent is achieved by a 
MF membrane (pore size on 0.4 µm) (Atasoy et al. 2007). 
MBR is characterised by a small footprint, flexible design and easily to automatize 
(Shannon et al. 2008a, Tadkaew et al. 2007). It also have demonstrated good 
performance for the removal of some persistent organic compounds (Tadkaew et al. 
2007). However, the main drawback of these systems are the maintenance requirements 
due to the membrane fouling, which incurs in high operational costs (Judd 2010, Park et 
al. 2015, Ramesh et al. 2006). 
2.4.2. Filtration processes – Membrane technologies 
Since 1960, membrane technologies have been developed extensively, which 
have led to the development membranes with better properties that can be suitable for 
many new applications, particularly for the treatment of wastewater and industrial 
applications (Singh 2015). The treatment achieved will mainly depend on the pore size of 
the membrane used, it will be improved for lower pore sizes (Li et al. 2009b, Pidou et al. 
2007a, Ramona et al. 2004). Depending on the pore size, membrane processes can be 
classified as in the table below. 
Table 6. Classification of membrane processes. Adapted from (Singh 2015) 
Process Pore size Driving force 
Microfiltration (MF) 0.05 – 10 µm Pressure 1 – 2 bar 
Ultrafiltration (UF) 0.001 – 0.05 µm Pressure 2 – 5 bar 
Nanofiltration (NF) < 2.0 nm Pressure 5 – 15 bar 
Reverse Osmosis (RO) ̴ 0.6nm Pressure 15 – 100 bar 
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Membrane systems are simple and efficient treatment processes compared with 
other available technologies, they also have a small footprint, and can be designed in 
compact modules to be implemented in decentralised systems (Christopher 2012, 
Ramona et al. 2004).  
Li et al. (2009) studied the performance of an UF membrane for the treatment of 
household greywater. The removal efficiency of COD in this system was over 83%, while 
turbidity and TSS were totally removed. However, TN and phosphorus (TP) were not 
retained by the membrane, as well as organic trace contaminants such as phthalates, 
flame retardants and pharmaceuticals (Li et al. 2009a). NF has also been reported as a 
promising technology for the treatment of greywater. Hourier et al. (2010) reported the 
treatment of synthetic greywater by three NF membranes with molecular weight cut off 
(MWCO) of 200, 300 and lower than 200 Da. The best quality permeate was obtained by 
the membrane with lower MWCO, at a flux of 50 L m-2 h-1 and a pressure applied of 35 
bar. The treatment achieves removal efficiencies over 90%, 95% and 98% for COD, TSS 
and turbidity respectively. In terms of microbiological quality, 5.28 log and 4.78 log have 
been removed of Faecal coliform and enterococcus. However the treatment requires a 
high input of energy (11.7 kWh m-3) which incurs in higher operational costs (Hourlier et 
al. 2010b). In the study developed by Ramona et al. (2004) they compared the 
performance of three NF membranes (30, 200 and 400kDa MWCO) and a NF membrane 
(200 Da MWCO) for the treatment of greywater collected from the showers of a sport 
centre. The membranes showed COD removal efficiencies of 45, 49, 70 and 93%, and 
92, 94, 97, and 95% removal of turbidity respectively. For all the measured parameters, 
permeate produced by NF was of higher quality. The study concluded that permeate 
quality increased with decreasing MWCO of the used membranes (Ramona et al. 2004). 
In addition, Ening et al. (2011) described a RO system for the treatment of greywater and 
domestic wastewater with a feed flow rate of 0.45 m3 h-1, that produces a permeate of 
375 L d-1. Between 90-95% water recovery was achieved in the system and the removal 
rates achieved of Total Organic Carbon (TOC) and COD were above 80% (Engin et al. 
2011).  
One of the main issues that membrane systems present is fouling. It will affect the 
efficiency of the process, incurring in an increase of the costs associated to operation 
and maintenance of the membrane. By doing a pre-treatment of the influent, such as 
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screening or sand filters, membrane fouling can be reduced (Pidou et al. 2007a). Another 
important limitation of these systems is the high energy consumption that will increase 
with the fouling of the membrane, affecting the economic viability of the operation 
(Ghunmi et al. 2011, Pidou et al. 2007a). In addition, there are few data reported on the 
application of these technologies for disinfection (Li et al. 2009c, Pidou et al. 2007a). In 
order to reuse the treated water, depending on the microorganism and the pore size of 
the membrane disinfection may be achieved. However, it will be necessary a final 
disinfection stage due to the lack of a residual disinfectant in the filtration process itself 
(Christopher 2012). 
2.4.3. Chemical systems 
Finally, few chemical systems for the treatment of greywater have been reported. 
They are mainly based on coagulation-floculation processes. For example 36 describes a 
coagulation process using aluminium, combined with a filtration system using sand and 
granular activated carbon for the treatment of laundry greywater (Šostar-Turk et al. 
2005). Also electro-coagulation has been studied for the treatment of greywater (Lin et al. 
2005). However, the viability of these schemes has not been assessed for its further 
implementation. 
2.4.4. Direct usage 
Finally, direct diversification of the greywater (i.e., for irrigation or toilet flushing) is 
becoming a global common practice, due to the reduction on household water demands. 
However, wastewater reuse may involve complex issues not only regarding the safety of 
food production (i.e., in case of crops irrigation), health issues, environmental risks, and 
public acceptance, but also the definition of the responsibilities on these procedures (i.e., 
stakeholders, juridical and political institutions, economic priorities) (Huibers and Van Lier 
2005).  
The use of greywater for irrigation or toilet flushing without a previous treatment, 
reduce the costs related to the addition of chemicals, maintenance requirements of the 
system, and capital and operational costs. However, the health risks of the users and the 
crops irrigated can be increased due to the presence of pathogens, persistent organic 
compounds (i.e., pharmaceuticals and health care products), and other chemicals and 
salts that can adversely affect plan growth.  
37 
 
3. THESIS OVERVIEW 
3.1. Knowledge gaps 
According to the previous literature review, electrochemical treatment is an 
emerging technology for wastewater treatment. It is easily operated and controlled by 
automation of the current or potential applied, it has compact, modular design and small 
footprint, no start-up period, and it is known to remove a wide variety of pollutants and 
microorganisms (Feng et al. 2004, Frontistis et al. 2011, Furuta et al. 2005, Gao and 
Vecitis 2013, Golub et al. 1987, Grebenyuk et al. 1990, Hussain et al. 2014, Jeong et al. 
2006, Kerwick et al. 2005, Kraft 2008, Martínez-Huitle and Brillas 2008, Matsunaga et al. 
1992a, Matsunaga et al. 1992b, Matsunaga et al. 2000, Nagata et al. 2006, Okochi et al. 
1997, Pareilleux and Sicard 1970, Patermarakis and Fountoukidis 1990, Sakakibara et 
al. 2010, Udert et al. 2013). Depending on the characteristics of the contaminated water, 
it is comparable with other technologies in cost and efficiency (Chen 2004, Chen and 
Hung 2007, Yang et al. 2009). Yet, electrochemical treatment is chemical-free, thus 
avoiding the costs and risks associated with the chemical transport, handling and dosing. 
Furthermore, electrolysis cell can be operated by renewable energy sources (i.e., 
photovoltaic) (Alvarez-Guerra et al. 2011, Anglada et al. 2009, Cho et al. 2014, Kraft 
2008, Valero et al. 2010). Based on these advantages, electrochemical treatment 
represents a good alternative to be used in decentralized wastewater treatment systems. 
However, mass transfer limitation and thus high energy consumption when treating less 
contaminated streams are the main drawbacks for the application of this technology at 
large scale (Anglada et al. 2009, Cañizares et al. 2004, Chen and Hung 2007, Jeong et 
al. 2006, Radjenovic et al. 2012, Zhang et al. 2013). In addition, this technology is rarely 
used due to the lack of knowledge compared to other available technologies that 
compete in the same market, such as reverse osmosis (RO) or membrane bioreactors 
(MBR).  
The aim of this project is to address these limitations and study a novel alternative 
based on the combined adsorption and electrochemical oxidation in a flow-through three-
dimensional (3D) reactor for the removal of organic contaminants and microorganisms 
from greywater (GW).  
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The 3D reactor comprised of a boron-doped diamond (BDD) anode, stainless steel 
cathode and granular activated carbon (GAC) filling will enable the removal of the 
contaminants and microorganisms via three mechanisms: i) direct and indirect 
electrochemical oxidation, ii) adsorption onto GAC and iii) via formation of hydroxyl 
radicals (•OH) by catalysis on the surface of the GAC. GAC filling will be regenerated 
electrochemically due to oxidative degradation of the adsorbed contaminants, thus 
prolonging its lifetime. BDD material works as a non-active anode, and the oxidation of 
pollutants in the proximity of its surface is mainly carried out by •OH radicals and ozone 
produced on its surface (Lacasa et al. 2012). •OH radicals has been recognized as the 
second stronger oxidant specie after fluorine, so it is presumable to assume that the 
oxidation process can be performed by these species instead of using chlorine as an 
oxidant (Radjenovic et al. 2012). In addition, the reactor will operate in a flow-through 
configuration. This configuration should reduce the mass transfer limitations by 
increasing the contact surface between the solution and the electrode. In addition, it has 
been reported that in a 3D electrochemical system using GAC as a bed material, 
electrochemical oxidation and adsorption onto GAC surface are not the only reactions 
implied in the efficiency of this treatment process (Zhu et al. 2011). Synergies between 
electrochemical oxidation, adsorption and electrocatalysis have been demonstrated to 
enhance oxidation of pollutants mediated by the presence of •OH radicals (Wang and 
Zhao 2010, Zhang et al. 2013, Zhou and Lei 2006a, Zhu et al. 2011). 
The available literature on the application of 3D reactors for the removal of organic 
contaminants and microorganisms is very limited (Zhang et al. 2013). This process thus 
demands (1) a proof of concepts using real greywater (RGW), (2) studies to determine 
the role of the bed material and the mechanisms leading the removal (i.e., by adsorption 
and electrosorption) and degradation (i.e., by electrochemical oxidation and catalysis) of 
pollutants in the 3D system and the in-situ electrochemical regeneration of the bed 
material, and (3) economic analysis of the treatment process to determine its potential 
applicability and further optimization measures to improve it. 
3.2. Objectives and research questions 
The main objective of the project is to deliver a novel water treatment system for 
the treatment and reuse of GW that can be applied in decentralized water treatment 
facilities (i.e., household scale). The methodology is based on the use of a 3D 
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electrochemical system that combines adsorption and electrochemical oxidation for the 
removal of organic pollutants and microorganisms.  
Research question 1 
How does the presence of a bed material improve the performance of a 3D 
electrochemical reactor compared with a two-dimensional (2D) electrochemical reactor 
for organics removal and water disinfection when treating GW (i.e., simulated greywater 
(SGW) and RGW)?  
The efficiency of a conventional, 2D electrochemical system operated in a flow-by 
mode for the treatment of wastewater can be substantially improved by using a flow-
through operation mode, and using a bed material inside the reactor that acts as a third 
electrode and increases the effective surface area of the electrodes (i.e., 3D 
electrochemical system). Activated carbon (AC) has been generally chosen as a filling 
material due to its good adsorption properties and low cost. When it is used in a 3D 
electrochemical configuration, it can catalyse the decomposition of electrochemically 
generated hydrogen peroxide to produce •OH radicals, further favouring the performance 
of the 3D system compared to a conventional electrochemical process. However, there 
are no studies showing the performance of this technology for the treatment of RGW. 
Furthermore, electrochemical disinfection in a 3D electrochemical system has not been 
yet proved.  
Therefore, a 3D flow-through electrochemical oxidation system with GAC filling 
has been studied under three different configurations (1) adsorption onto GAC, (2) 
electrochemical oxidation and (3) combined adsorption and electrochemical oxidation, for 
the treatment of SGW and RGW. The results for the removal of chemical oxygen demand 
(COD), total organic carbon (TOC), turbidity and colour, have been analyzed and 
compared in each configuration. Disinfection experiments have also been performed in 
each reactor using Escherichia Coli (e. coli), spores of Clostridium Perfringens (SCP) and 
somatic coliphages (SOMCPH) as model microorganisms for pathogenic bacteria, 
protozoa and viruses respectively in SGW. The experimental procedure and obtained 
results are detailed in Chapter 5. 
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Research question 2 
How key operational parameters such as applied current density and the volume 
of GW treated can affect the performance of the 3D system and the saturation/attrition 
conditions of the bed material? 
It has been broadly reported that an increase in the applied current density in an 
electrochemical oxidation system for the treatment of wastewater leads to an 
improvement in the removal capacity of the pollutants. However, increasing values of 
applied current have also shown to lead lower current efficiencies. Literature data on the 
effect of the applied current density in the performance of the electrochemical oxidation 
process gives rise to a discrepancy regarding the evaluation of the performance of the 
process when results are based on removal capacity or the current efficiency, which 
results in serious difficulties when evaluating the optimization of the process. The 
concentration of pollutants in the influent can also affect the efficiency of the treatment 
process. It has been reported that higher concentrations of pollutants favours the current 
efficiency of the treatment. However, when treating diluted wastewater, mass transport of 
the pollutants to the surface of the anode can become the limiting step controlling the 
performance of the system. Consequently, side reactions in the anode surface (i.e., 
oxygen evolution or electrolyte decomposition) are favoured to occur and the current 
efficiency of the electrochemical process will decrease. 
In this context, it can be hypothesized that when a bed material is placed between 
the electrodes it can become affected by these two parameters (i.e., applied current 
density and pollutants concentration). It has been reported that an excess on applied 
current can cause the attrition of the particles in the middle of the electric field, while 
lower values of this parameter can favour the saturation of the material by favouring the 
electrosorption of pollutants rather than the production of reactive oxygen species (ROS) 
onto its surface. Concentration of pollutants play also an important role, as greater 
concentrations can favour the saturation of the bed, while lower concentrations can limit 
the efficiency of the treatment process. 
The effect of these two parameters is being studied in a 3D system for the 
treatment of SGW at two different current densities (15 and 20 A m-2) and two different 
volumes of treated SGW (2 and 6 L). The experimental procedure and obtained results 
are detailed in Chapter 6. 
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Research question 3 
What are the mechanisms that lead to an enhanced removal of organic pollutants 
in a 3D electrochemical system when it is equipped with different bed materials? 
AC has been used as a bed material in 3D electrochemical systems. It presents 
good adsorption properties due its porosity and it has demonstrated synergies between 
electrochemical oxidation, adsorption and electrocatalysis for the production of •OH 
radicals from hydrogen peroxide on its surface when it is used in a 3D electrochemical 
reactor. However, it has been demonstrated that the high porosity of the GAC and its low 
conductivity can affect the efficiency of its electrochemical regeneration, thus, some 
researchers have preferred the use of non-porous graphite-based adsorbents. Despite 
these materials present low adsorption capacities due to their non-porous configuration, 
they have showed to effectively remove a wide range of pollutants when are used as a 
bed material in a 3D system.  
In this study, GG has been chosen in order to minimise the adsorption and 
catalytic effects of the GAC and to determine the electrochemical oxidation capacity of 
the bed material acting as a third electrode. The removal capacity of COD, TOC, turbidity 
and colour and the energy efficiency of a 3D electrochemical system using GAC or GG 
as a filling material for the treatment of SGW is compared. The experimental procedure 
and obtained results are detailed in Chapter 7. 
Research question 4 
Can the bed materials be regenerated electrochemically in the 3D electrochemical 
system during the treatment of wastewater (i.e., SGW)? 
Electrochemical regeneration of saturated GAC has gained great attention in 
recent years as it has been reported as an efficient in-situ process, with minimal material 
losses, versatile to be easily adapted to different treatment requirements, and technically 
and economically comparable with conventional technologies (i.e., thermal and chemical 
regeneration). However, the mechanisms of electrochemical regeneration of a bed 
material are still not fully understood. Some studies suggest that the material can be 
regenerated by desorption of pollutants when GAC is polarized in the electrochemical 
system, while electrochemical oxidation of the adsorbed pollutants by ROS generated on 
the surface of the GAC by direct and indirect electrochemical oxidation, and/or catalysis 
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in the decomposition of hydrogen peroxide to •OH radicals has been also proposed. In 
addition, the majority of the reported studies use NaCl as an electrolyte, which enhances 
the electrochemical regeneration process but it also promotes the formation of toxic 
chlorinated by-products. 
When GAC is placed in the middle of an electric in a 3D electrochemical oxidation 
system for the treatment of a contaminated influent, it has been demonstrated that 
operational conditions can lead to its saturation (i.e., low applied current densities) or its 
attrition (i.e., excessive applied current density), but also its electrochemical regeneration 
can be achieved when the operational conditions are optimized. The objective of this 
study is to demonstrate that saturated GAC can be regenerated in-situ in a 3D 
electrochemical oxidation reactor while the system is used for the treatment of 
wastewater (i.e., SGW) without the addition of NaCl. Therefore, the saturation of the 
material will not be a limiting factor in the performance of the system. 
A 3D electrochemical oxidation system filled with previously saturated GAC has 
been used for the treatment of SGW and to simultaneously demonstrate the regeneration 
of the bed material. The experimental procedure and obtained results are detailed in 
Chapter 8. 
Research question 5 
Economic analysis of the implementation of a 3D electrochemical oxidation system 
for the treatment of GW at large scale 
Based on the results obtained from the experiments performed with the 3D 
electrochemical oxidation system for the treatment of SGW, a cost-economic analysis 
has been accomplished to evaluate the economic potential of a 3D electrochemical 
oxidation system to be implemented for the treatment of GW at household scale. The 
economic evaluation has been conducted for the 2D and the 3D systems to compare the 
results based on the capital investment and the operational costs. The effect of the BDD 
production, current density and variation of the electricity prices has been considered, 
and the alternative of linking the electrochemical treatment process to a solar system has 
been also evaluated. The details of this analysis and the results are detailed in Chapter 
9. 
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4. GENERAL RESEARCH MATERIAL AND METHODS 
4.1. Simulated and real greywater preparation and characterization 
The composition of simulated greywater (SGW) employed was comparable to 
combined wastewater from showers, baths, and washing basins, according to NSF 
standard for testing of onsite greywater treatment systems (NSF/ANSI 2011) (Table 7). 
Real greywater (RGW) was collected from a household unit in Queensland, Australia, 
which contained water coming from the bathroom (i.e., shower and washing basin). SGW 
and RGW were characterized and the results are summarized and compared with 
reported values obtained from literature in Table 8 (Eriksson et al. 2002, Li et al. 2009c, 
Morel and Diener 2006, NRMMC-EPHC–NHMRC 2006). 
In order to reach an electrical conductivity of typical greywater coming from 
bathrooms of 1 mS cm-1 (Cobacho et al. 2012, Gual et al. 2008), sodium sulphate (Ajax 
Finechem) was added to both greywater sources to a final concentration of 0.67 mg L-1. 
Table 7. Composition of SGW 
Wastewater Components Amount/150 L Description 
Body wash with moisturizer 45.0 g 
Woolworths Select Body Wash 
Relaxing Gel 
Toothpaste 4.5 g Woolworths Select Toothpaste Family 
Deodorant 3.0 g Nivea Deodorant Roll On Pure 
Shampoo 28.5 g Woolworths Shampoo Apple Splash 
Conditioner 31.5 g Woolworths Conditioner Apple Splash 
Lactic acid 4.5 g Sigma-Aldrich 
Secondary effluent 3.0 L Activated sludge process 
Bath cleaner 15.0 g 
Homebrand Bathroom Cleaner 
Domestic Cleaner Regular 
Liquid hand soap 34.5 g Woolworth Handwash Crème Refill 
Sodium sulphate 0.1 g Ajax Finechem 
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Table 8. Characterization of SGW and RGW 
Parameter Unit RGW SGW 
Reported 
range 
pH 
 
6.6 ± 0.1 5.0 ± 0.3 5.0-10.0 
Electric 
conductivity 
µS cm-1 1308 ± 81 1145 ± 75 82-2721 
True colour mg L-1 Pt-Co 49.4 ± 3.1 8.2 ± 1.2 60-100 
Turbidity NTU 39.2 ± 2.7 24.8 ± 5.7 28-240 
COD mg L-1 288.1 ± 15.4 273.8 ± 16.5 100-633 
TOC mg L-1 80.8 ± 4.6 66.9 ± 5.3 30-104 
Chloride mg L-1 27.1 ± 1.5 12.7 ± 0.8 3.1-136 
Sulphate-S mg L-1 149.8 ± 22.4 146.7 ± 3.9 4-168 
 
Chemical oxygen demand (COD) and total organic carbon (TOC) of the two 
sources used are within the limits reported by literature. In addition, the levels of chloride 
are lower which may incur in a lower potential formation of toxic disinfection by-products 
(DBPs) during electrochemical oxidation. It should be noted that the sulphate that was 
added to increase the conductivity of the water is within the limits reported by literature 
for RGW. 
4.2. Experimental setup 
The experimental setup is represented in Figure 10.  
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Figure 10. Schematic diagram of the utilized experimental setup where: (1) GAC packed bed, (2) 
inert mesh holder (Vinyl Coated Polyester mesh 0.64 mm - Trade Warehouse, Australia), (3) stainless steel 
cathode, (4) reservoir (3L amber glass bottle), (5) potentiostat and computer for current feeder and data 
acquisition, (6) Ag/AgCl reference electrode, (7) BDD anode , (8) peristaltic pump for feeding the reactor, 
and (9) magnetic stirrer. 
Experiments were conducted in a plate-and-frame (Perspex) flow-through 
electrochemical reactor with dimensions 10 x 10 x 3.7 cm (Figure 11). The anode 
electrode employed was boron-doped diamond (BDD) mesh (mesh type B (6x3 mm, and 
1.3 thickness)), supplied by Condias (Germany), and stainless steel mesh (mesh type 
316 ) was used as the cathode electrode. The inter-electrode distance was 3.5 cm. 50 g 
of granular activated carbon (GAC) with diameter ranging from 2 to 5 mm (surface area 
1000 m2 g-1, density 0.42-0.50 g cm-3) (Acticarb GC1200 - Activated Carbon 
Technologies PTY LTD, Australia) was loaded between the two electrodes as a packed 
bed. The ratio of the volume occupied by GAC (VGAC) and total reactor volume (VTOT) 
(i.e., VGAC/ VTOT) was 0.27.  
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Figure 11. Picture of (A) the electrochemical reactor and (B) BDD anode. 
4.3. Electrochemical experiments for organics degradation 
To differentiate between the contribution of adsorption and electrochemical 
oxidation, we investigated three different reactor configurations: (1) 3D reactor (anode-
GAC-cathode) in the open circuit, to investigate adsorption of organic matter onto GAC 
(GAC system), (2) 2D reactor (anode-cathode) to investigate electrochemical oxidation of 
organic matter (2D system), and (3) 3D reactor in closed circuit, i.e., with applied current, 
to investigate simultaneous adsorption/electrosorption and electrochemical oxidation (3D 
system).  
To investigate the performance of GAC and 3D systems in treating greywater, five 
consecutive experiments were performed, each with fresh SGW or RGW. Given that 
there is no saturation of the terminal electrodes (anode and cathode), only one set of 
experiments was performed in the 2D system. All experiments were performed in 
duplicate. Chronopotentiometric experiments were conducted at a constant current of 
A)
B)
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150 mA, using a VSP potentiostat/galvanostat VMP3 with booster (Biologic, US) coupled 
to a computer Dell Optiplex 755. An Ag/AgCl reference electrode from BASi (West 
Lafayette, IN, U.S.A.) (3 M KCl, 0.210 V vs. standard hydrogen electrode (SHE)) was 
placed in the proximity of the anode and used to control and measure the applied anodic 
current and potential, respectively. Working electrode potentials reported in this 
manuscript are expressed vs. SHE. Two litres of greywater (SGW or RGW) were 
circulated during 7 hours through the reactor at a flow rate of 35 L h-1 using a pumping 
system composed by a Monarch Alloy 3-phase induction motor (AS1359) (TECO 
Australia Pty Ltd, Australia) coupled with a Motovario rotor NHRV/030 (Motovario, Italy), 
and samples were taken at 0h, 1h, 3h, 5h and 7h. The reactor and reservoir bottle were 
protected from light to avoid photodegradation. 
4.4. Desorption experiments 
To investigate the degree of electrochemical regeneration of GAC, desorption 
experiments were conducted with the GAC used in GAC and 3D configurations, based 
on the procedure described by Zhu et al. (2011). In brief, 30 g of used GAC was added to 
100 ml of Milli-Q water. The mixture was agitated at a constant shaking rate of 100 rpm 
for 48 h, and then ultrasonicated for 30 min (40 kHz, 120 W). Samples were filtrated 
using a 0.22 µm Millipore syringe unit and analyzed for soluble COD and TOC desorbed 
from GAC.  
4.5. Disinfection experiments 
Disinfection experiments were performed using SGW prepared with fresh sewage 
from sewers to ensure the abundance of live microorganisms that naturally occur in 
wastewater (mot laboratory strain). E. coli, SCP and SOMCPH were selected as model 
microorganisms for pathogenic bacteria, protozoa and viruses, respectively.  
Samples were taken after 0, 2.5 and 5 h, immediately preserved at 4°C, and 
analyzed within 1 ± 0.5 hours. E. coli was detected using Chromocult® Coliform agar 
(Merck KGaA, Darmstadt, Germany) with e. coli/coliform Selective Supplement (Merck 
KGaA, Darmstadt, Germany). Treated samples collected after 2.5 and 5 h of treatment 
were analyzed by membrane filtration method using 0.45 µm pore size cellulose ester 
filters (Advantec, Japan) whereas the rest of the samples were analyzed by the pour-
plate method (Madigan 2015). All samples were incubated at 44 °C for 20 ± 4 h. Plaque 
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forming units (PFUs) of SOMCPH were counted by the double-agar-layer technique 
using e. coli strain WG5 (ATCC 700078) following the ISO standard 10705-2 
(Anonymous, 2000). Finally, SPC were cultured on sulphite polymyxin sulphadiazine 
(SPS) (Scharlau, Sentmenat, Spain) agar medium at 44 °C under anaerobic conditions 
for 24 h.  
4.6. Live/dead analysis 
Viability analyses was conducted on the samples of greywater treated in the three 
different systems (i.e., GAC, 2D, and 3D configurations), and also on the samples of 
GAC used in GAC and 3D experiments. Viability was assessed using the LIVE/DEAD 
BacLightTM Bacterial Viability Kit purchased from Molecular Probes® (L-7012, Invitrogen, 
Australia). Samples were prepared by direct staining of the GAC particle and the treated 
greywater using the LIVE/DEAD stain reagents SYTO®9 and PI stain, following 
manufacturer’s protocol. The samples were incubated for 15 min in the dark at 22°C, 
placed onto microscope slides and analyzed using a Confocal Laser Scanning 
Microscope (CLSM) Ziess LSM 510 META, equipped with a Krypton-Argon laser (488 
nm) and two He-Ne lasers (543 and 633 nm). Quantitative analysis of live and dead cells 
was performed by determining the relative abundance of green and red pixels from 
images captured using DAIME (Digital image analysis in microbial ecology, by Holger 
Daimes). 
4.7. Sample preparation and analysis 
Chloride and sulphate were determined by ion chromatography with a ultraviolet 
(UV) and conductivity detector (Dionex-2000, Sunnyvale, USA). The sample was 
preliminary filtered using a 0.22 µm Millipore syringe unit.  
Chemical oxygen demand (COD) was determined using the COD tube test 
range 25-1500 mg L-1 (Merck) by spectrophotometric method.  
True colour of the filtered sample (0.22 µm) was analyzed by UV-Visible 
spectrophotometry (Cary 50 Bio, Varian) at 475 nm.  
Total organic carbon (TOC), total carbon (TC) and total inorganic carbon 
(TIC) were analyzed by a total organic carbon analyser TOC-L CSH (Shimadzu 
Corporation, Japan).  
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Turbidity was measured using a turbidimeter Turbicheck (0.1-2000 NTU) 
Lovibond.  
pH was measured using a pH probe Mettler-Toledo SevenEasy (Mettler-Toledo 
AG, Switzerland).  
Electric conductivity was measured using a conductivity probe Mettler Toledo 
SevenEasy (Mettler-Toledo AG, Switzerland). 
Total suspended solids (TSS) and volatile suspended solids (VSS) were 
analyzed according to the Standard Methods for the Examination of Water and 
Wastewater (APHA 2005) 
Escherichia Coli (e. coli) was detected using the plate counting method in 
Chromocult® Coliform agar (Merck, Germany). Different sample volumes at different 
dilutions were spread over 90 and 150 mm Petri dishes in duplicate, and incubated at 
37ºC for 20 ± 4 h and enumerated. 
Spores of Clostridium Perfringens (SCP) was analyzed by incubating samples 
at different dilutions anaerobically at 44ºC for 20 ± 4 h using SPS Clostridium Selective 
Agar (Scharlab, Spain). Samples in duplicate were pretreated by heating to 80ºC for 10 
minutes. 
Somatic coliphages (SOMCPH) in the WG5 e. coli strain of samples at different 
dilutions were counted in duplicate using the double layer agar technique according to 
ISO standard 10705-2 (ISO 2000). 
 
 
 
 
 
 
 
 
50 
 
5. THREE-DIMENSIONAL ELECTROCHEMICAL SYSTEM FOR THE 
TREATMENT OF SIMULATED AND REAL GREYWATER 
5.1. Abstract 
Three-dimensional (3D) flow-through electrochemical reactor filled with granular 
activated carbon (GAC) was employed for the treatment of simulated greywater (SGW) 
and real greywater (RGW). The results show that the performance of a conventional two-
dimensional (2D) electrochemical oxidation system can be greatly improved when adding 
GAC between the electrodes. The removal of chemical oxygen demand (COD) and total 
organic carbon (TOC) was enhanced 2.4 and 3.3 (SGW) and 1.3 and 2.2 (RGW) times 
when changing from the conventional 2D system to the 3D configuration, resulting in a 
decrease in energy consumption from 45.9 – 35.8 kWh kg COD-1 to 30.2 – 27.5 kWh kg 
COD-1 for SGW and RGW respectively. The main driver for the removal of organic matter 
in the 3D system is the adsorption onto GAC. However, when GAC is polarized by the 
electric field of the cell, contaminants were adsorbed/electrosorbed and degraded by the 
oxidants produced at the anode and on the surface of GAC. This in turn enabled 
electrochemical regeneration of GAC, thus increasing its adsorption capacity. A 
synergetic effect of adsorption and electrochemical oxidation in the 3D system has been 
observed to enhance the removal of COD and TOC for 21.1% and 23.3%, respectively, 
compared to the superposed performances of GAC and 2D electrochemical systems 
operating separately. In the case of RGW the synergies were lower (i.e., 4.5% for COD 
and 4.2% for TOC removal), likely due to a lower amount of dissolved pollutants in RGW 
with less adsorption affinity. In addition, disinfection results show that adsorption onto 
GAC was not efficient in removing Escherichia coli (e. coli), spores of Clostridium 
perfringens (SCP) and somatic coliphages (SOMCPH) from SGW, while 2D and 3D 
electrochemical systems achieved 4.60 and 5.14 (e. coli), 0.11 and 0.57 (SCP), and 3.25 
and 3.22 (SOMCPH) log removal, due to adsorption/electrosorption processes and the 
production of strong oxidant species (i.e., chlorine and hydroxyl radicals).  
5.2. Introduction 
Decentralized water treatment and reuse is increasingly recognized as an 
excellent opportunity to exploit alternative water resources and complement conventional 
water supply networks (Shannon et al. 2008b). Greywater is particularly attractive for on-
51 
 
site reuse as it constitutes a major percentage (i.e., 70%) of domestic wastewater (Morel 
and Diener 2006). It includes water from wash basins and laundry tubs, and water from 
the kitchen sinks and dishwashers (Jeppesen 1996). Decentralized technologies 
commonly used for the treatment of greywater are filtration systems using different bed 
materials (e.g., gravel, silica sand, granular activate carbon), and membranes (e.g., 
ultrafiltration, reverse osmosis) (Katukiza et al. 2014). Pilot scale constructed wetlands 
and multi-stage biological treatment systems have been also investigated for the 
treatment of greywater (Ramprasad and Philip 2016). However, bed filters and wetlands 
present a limited removal of pathogenic microorganisms. Furthermore variations in the 
influent quantity, flow rates and concentration of pollutants can cause the saturation and 
clogging of the media in these systems (Boyjoo et al. 2013). On the other hand, 
membrane-based treatments require high energy inputs, and post-treatment of the 
concentrated effluent.  
Electrochemical processes have been widely investigated for water treatment and 
disinfection, and present several advantages to be implemented for decentralized water 
treatment such as no need for chemical addition, versatility and robustness towards 
variations in the influent characteristics, and compact design (Radjenovic et al. 2012, 
Radjenovic and Sedlak 2015). Furthermore, electrochemical systems can be powered by 
renewable energy sources such as photovoltaic panels (Cho et al. 2014). However, the 
main drawback of these systems are high mass transfer limitations which control the 
oxidation/reduction of pollutants at the surface of the electrodes, and thus increase the 
energy consumption and operational costs (Cañizares et al. 2004, Radjenovic et al. 
2012, Zhang et al. 2013). This is particularly pronounced in a conventional two-
dimensional (2D), plate-and frame electrochemical system operated in a flow-by mode, 
where the flow of water is perpendicular to the electric field.  
The efficiency of 2D electrochemical reactors can be substantially improved by 
using a flow-through operation mode, which enhances the convective transport of 
contaminants to the electrode surface (Chaplin 2014). For example, Yang et al. (2009) 
reported up to 116% enhancement of chemical oxygen demand (COD) removal when 
treating a solution of Reactive Brilliant red (X-3B) in a flow-through electrochemical 
system compared to the conventional flow-by electrochemical reactor (Yang et al. 2009). 
Reactor performance can be further improved by placing a bed material between the 
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anode and cathode to obtain a 3D system, which offers higher electroactive and 
adsorption surface area and thus lower mass transfer limitations (Hussain et al. 2014, 
Yasri et al. 2015, Zhang et al. 2013).  
GAC is usually chosen as a filling material due to its good electrical conductivity, 
excellent adsorption properties and low cost (García-Otón et al. 2005, Narbaitz and Cen 
1994, Zhang et al. 2013, Zhou and Lei 2006b). When current is applied to the terminal 
electrodes (i.e., anode and cathode), GAC granules become anodically and cathodically 
polarized and act as "microreactors", oxidising and reducing the adsorbed pollutants 
(Wang and Balasubramanian 2009, Zhou and Lei 2006b). Moreover, GAC can catalyse 
the decomposition of electrochemically generated hydrogen peroxide to produce hydroxyl 
radicals (•OH), further favouring the performance of the system (Lücking et al. 1998, 
Zhou and Lei 2006b). However, an excess in the applied current density can cause the 
attrition of GAC particles (Narbaitz and Cen 1994, Wang and Balasubramanian 2009). 
In this study, 3D electrochemical system with GAC packed bed placed between 
the anode and cathode has been applied for the treatment of greywater. The system was 
evaluated for the removal of COD, TOC, turbidity and colour from SGW and RGW. 
Disinfection performance was evaluated using e. coli, SCP and SOMCPH as model 
microorganisms for pathogenic bacteria, protozoa and viruses, respectively. These 
microbial indicators can be detected in water through feasible methods based on cell 
culture, and are essential to assess the efficiency of the disinfection (EPA 1992, Lucena 
and Jofre 2010, NRMMC-EPHC–NHMRC 2006). 
5.3. Materials and methods 
Five consecutive seven-hour experiments were performed using the reactor under 
three different configurations for the treatment of SGW and RGW: (i) experiments with 3D 
reactor in open circuit (i.e., no current applied) (GAC system), (ii) experiments with 2D 
reactor using a boron-doped diamond (BDD) anode (i.e., only electrochemical oxidation) 
(2D system), and (iii) experiments with 3D reactor with applied current (3D system).  
SGW and RGW have been characterized (Chapter 4 Section 4.1 Table 8) and 
were treated in each configuration following the procedures described in Sections 4.2 
and 4.3. (Chapter 4).  
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Desorption experiment were performed with the GAC used in the GAC and 3D 
systems following the procedure described in the Section 4.4 (Chapter 4). 
Disinfection of SGW prepared with fresh sewage were performed following the 
procedure described in Section 4.5 (Chapter 4). E. coli, SCP and SOMCPH were 
selected as model microorganisms for pathogenic bacteria, protozoa and viruses 
respectively. 
TOC, COD, total inorganic carbon (TIC), total carbon (TC), turbidity and colour, 
and selected microorganisms were analyzed following the analytic procedures described 
in Section 4.7 (Chapter 4). 
5.4. Results and discussion 
5.4.1. Characterization of SGW and RGW 
Results of the characterization of SGW and RGW are summarized in the Chapter 
4 Section 4.1 Table 8. 
5.4.2. Synergy between electrochemical oxidation and adsorption in a three-
dimensional electrochemical system 
The most efficient removal of TOC, COD, colour and turbidity was observed for 3D 
system. Overall, the removal % decreased in the order 3D system > GAC system > 2D 
system (Figure 12).  
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Figure 12. Removal efficiency of COD, TOC, turbidity and colour in the three different reactor 
configurations (i.e., GAC, 2D and 3D system) when treating SGW and RGW. 
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2D system was capable of only partial treatment of SGW as relatively low values 
of COD, TOC and turbidity removal were obtained (26-36%), while colour removal was 
only 12%. In the case of RGW, the treatment performance was somewhat improved, 
most notably in terms of the COD removal (60%). The ratio COD/TOC is higher in SGW 
compared to RGW, 4.1 and 3.6 respectively (Chapter 4 Section 4.1 Table 8), indicating 
that the presence of more easily oxidizable organic matter in RGW. In addition, it can be 
observed that the removal of COD achieved in the GAC system (i.e., 56-71% for RGW 
and SGW respectively) is higher compared to the TOC removal (i.e., 55-68% for RGW 
and SGW respectively), while in the 2D system the contrary tendency is observed, and 
the ratio COD/TOC decreases considerably which indicates that electrochemical 
oxidation plays a key role for the removal of pollutants. In the 3D system, the changes of 
the COD/TOC ratio observed are negligible as the observed removal of COD (78-82%) 
and TOC (75-84%) are very similar in both experiments using SGW and RGW 
respectively. 
The impact of differences in SGW and RGW composition on the treatment 
performance was less apparent in GAC process. What is more, removal of COD, TOC, 
turbidity and colour was slightly higher in the case of SGW. Therefore, organic matter in 
SGW had a higher adsorption affinity but was less oxidizable than compounds in RGW. 
This is also apparent from the calculated removal rate constants for COD and TOC 
removal in the GAC (k1), 2D (k2), and 3D (k3) systems. They were estimated using the 
linear regression first-order decay model fit to the data (Equation 11), with coefficients 
R2≥0.9 (Figure 13).  
𝐿𝑛
𝑐𝑡
𝑐0
= −𝑘. 𝑡        Equation 11 
Where c0 is the initial concentration (mg L
-1), ct is the concentration at time t (mg 
L-1), k is the kinetic constant (h-1), and t is the time (h). 
 
56 
 
 
Figure 13. Apparent removal rate constants (h
-1
) for COD and TOC removal when treating SGW 
(A) and (C), or RGW (B) and (D). 
It can be seen that k1 and k3 obtained for the removal of COD and TOC from SGW 
are slightly higher compared to RGW, while k2 is up to 2.6 and 2.2 times higher for the 
removal of COD and TOC, respectively, from RGW compared to the treatment of SGW.  
3D system was capable of complete colour removal and up to 86-89% of TOC, 
COD and turbidity removal from SGW. The performance was somewhat worsened in the 
case of RGW, particularly for the removal of colour (75%) and turbidity (73%). The results 
suggest that adsorption/electrosorption onto GAC is a leading mechanism for the 
removal of COD, TOC, turbidity and colour in the 3D system, which is favoured when 
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treating SGW. The synergy between adsorption and electrochemical oxidation in a 3D 
system can be calculated using the following equation (Equation 12) (Zhu et al. 2011): 
𝑆𝑦𝑛𝑒𝑟𝑔𝑦 (%) =
𝑘3−𝑘2−𝑘1
𝑘3
      Equation 12 
If positive, this value illustrates an enhancement in the treatment performance in 
the 3D reactor compared to the sum of adsorption (GAC system) and electrochemical 
oxidation (2D system) removal rates.  
Synergy values for the removal of COD and TOC were 21.1±4.3% and 23.3±6.6% 
respectively when treating SGW, and 4.5±4.2% and 18.8±7.0% respectively, when using 
RGW. Removal of organic matter on the electrochemically polarized GAC has been 
described previously by the simultaneous adsorption/electrosorption of organics onto 
GAC particles, and their degradation by the oxidant species generated at the surface of 
GAC (Polcaro et al. 2000, Zhang et al. 2013, Zhu et al. 2011). When GAC is placed in 
the middle of the electric field in the 3D system, the electric double layer formed on the 
surface of the particles can attract charged organic and inorganic ions towards the bed 
material (Ban et al. 1998, Foo and Hameed 2009). Therefore, electrochemical 
polarization of GAC favours capacitive deionization of the greywater and electrosorption 
of charged species on the surface of the bed material (Chen et al. 2011, Zou et al. 2008). 
In addition, polarized GAC particles act as bipolar electrodes, each of them presenting a 
positively and a negatively charged side that can induce electrolysis reactions (Polcaro et 
al. 2000, Yasri et al. 2015, Zhang et al. 2013).  
The applied anodic current density of 15 A m-2 yielded a BDD anode potential of 
3.2-3.8 V vs standard hydrogen electrode (SHE) (Table 10), which ensures the 
production of hydroxyl radicals (Drees et al. 2003, Neta et al. 1988, Zhang et al. 2015). 
However, •OH and other radical species electrogenerated at the BDD anode are 
generally considered to be localized only in the vicinity of the anode surface (Kapałka et 
al. 2009) and would therefore not make a significant contribution to the oxidation 
reactions occurring in the GAC packed bed. In addition to •OH, ozone (O3), hydrogen 
peroxide (H2O2) and chlorine can be formed by the direct electrolysis of water and 
chloride, respectively, at the BDD anode, and contribute to the oxidation in the GAC 
packed bed (Farhat et al. 2015, Radjenovic and Sedlak 2015). GAC can catalyze the 
decomposition of the electrochemically generated H2O2 leading an increased generation 
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of •OH and enhancing the performance of the 3D system (Lücking et al. 1998, Zhou and 
Lei 2006b). Oxidant species electrogenerated at the surface of GAC particles can react 
with the adsorbed pollutants and enable a partial regeneration of the bed material 
(Cañizares et al. 2004, Liu et al. 2016, Zhou and Lei 2006a). 
The removal rate constants k1 (GAC system) and k3 (3D system) calculated for the 
removal of COD from SGW decreased from 0.29 h-1 to 0.17 h-1 and 0.45 h-1 to 0.27 h-1 
respectively in the first two trials, and then remained unchanged in the subsequent runs 
(Figure 13). Same tendency is observed for the constants k1 and k3 obtained for the 
removal of TOC from SGW that decreased from 0.30 h-1 to 0.19 h-1 and 0.41 h-1 to 0.28 
h-1, respectively, in the second run. However, in the treatment of RGW, k1 and k3 
remained constant in all five experiments for the removal of COD (0.15 h-1 and 0.17 h-1) 
and TOC (0.29 h-1 and 0.28 h-1), suggesting no loss of performance of GAC, or 
electrochemically polarized GAC adsorbent. This indicated a higher adsorption affinity of 
organic matter in SGW and stronger physico-chemical interactions with the functional 
groups on the GAC surface. Furthermore, higher turbidity of RGW (i.e., 39.2 NTU) 
compared to that of SGW (i.e., 24.8 NTU, Chapter 4 Section 4.1 Table 8) suggests that 
SGW contained a higher amount of dissolved pollutants compared to RGW, which can 
be adsorbed onto GAC. 
5.4.3. Desorption experiments 
Desorption experiments were performed in order to determine the amount of the 
remaining organic matter adsorbed on GAC used in GAC and 3D systems, and evaluate 
the degree of electroregeneration of the bed material in the latter case. For both 
greywater sources, COD, TOC, TIC, TC and colour desorbed from the GAC used in the 
3D system were significantly lower than in the case of GAC used in the open circuit 
experiment (i.e., GAC system) (Table 9).  
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Table 9. Desorption results from the GAC used for the treatment of SGW and RGW in the GAC 
and 3D system 
  
SGW treatment RGW treatment 
Parameter Units GACGACsystem GAC3Dsystem GACGACsystem GAC3Dsystem 
True Colour mg L-1 Pt-Co 105.8 ± 17.1 48.3 ± 8.7 54.1 ± 0.9 13.1 ± 1.9 
COD soluble mg L-1 14.0 ± 0.8 2.9 ± 0.4 42.0 ± 6.1 19.7 ± 2.6 
TOC soluble mg L-1 6.5 ± 0.4 4.9 ± 0.6 15.0 ± 8.2 5.6 ± 3.0 
TC soluble mg L-1 32.4 ± 1.2 9.9 ± 1.9 52.3 ± 6.1 24.1 ± 4.8 
TIC soluble mg L-1 26.0 ± 1.6 5.0 ± 1.3 34.0 ± 2.0 16.9 ± 3.1 
 
This suggests that GAC used in the 3D reactor has been partially regenerated by 
ROS formed through electrochemical oxidation and catalytic reactions on the surface of 
the GAC, which has been previously described in similar studies (Zhu et al. 2011). Also, 
desorption tests yielded higher COD, TOC, TIC and TC after the treatment of RGW for 
both GAC samples (i.e., from the GAC and 3D reactors), possibly due to lower adsorption 
affinity of organic matter present in RGW and thus weaker adsorption interactions which 
favour its desorption from GAC. In addition, RGW showed a higher content of suspended 
solids (due to higher turbidity) compared to SGW that can be retained by the GAC bed. 
These particles can be desorbed and decomposed by ultrasonication applied in the 
desorption experiments (Pilli et al. 2011), thus contributing to the measured COD, TOC, 
TIC and TC. 
5.4.4. Disinfection performance of adsorption onto granular activated 
carbon, electrochemical oxidation and combined adsorption and electrochemical 
oxidation 
Figure 14 illustrates the observed log removal of e. coli, SCP and SOMCPH when 
treating SGW in GAC, 2D and 3D systems. GAC system was not able to remove any of 
the target microorganisms. The negative values for log removals with this configuration 
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could be due to the disaggregation of microorganisms caused by agitation and 
recirculation. Similar results were previously reported by Matsushita et al. (2013) and 
Hinjen et al. (2010), where poor adsorption of microorganisms onto GAC was associated 
with the size and the surface properties of the microorganisms, the porosity of the bed 
material, favourable electrostatic forces, and van der Waals attractions (Guy et al. 1977, 
Hijnen et al. 2010, Persson et al. 2005). 
 
 
 
 
 
61 
 
 
Figure 14. Log removal of (A) e. coli, (B) SCP and (C) SOMCPH after 0, 2.5 and 5h treatment of 
simulated greywater (SGW) in the three reactor configurations: GAC, 2D, and 3D systems. 
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The removal of e. coli in the 2D system after 2.5 h of treatment (3.3 log removal) is 
more efficient than in the 3D configuration (2.0 log removal). However, after 5 h of 
treatment, highest log removal was observed in the 3D system (5.1 log) compared to the 
2D system (4.6 log). This result is a consequence of having a higher starting 
concentration of e. coli in the experiments carried out with the 3D configuration (5.0-5.3 
log) compared to the experiments performed with the 2D configuration (4.4-5.0 log). The 
same tendency is observed for the removal of SOMCPH, where the highest SOMCPH 
removal after 2.5 h of treatment is achieved by the 2D system (3.0 log). However, there 
were no statistically significant differences (t-test p>0.4) between 3D and the 2D systems 
for the inactivation of SOMCPH after 5 h treatment. The higher removal efficiency for 
e. coli and SOMCPH observed in the 2D system can be due to the accumulation of 
electrochemically produced chlorine that can inactivate the bacteria and viruses, whereas 
in the 3D system chlorine is decomposed on the GAC surface, leading to a lower 
concentration of disinfectant at the same applied current (Li et al. 2010a, Suidan et al. 
1977). 
On the contrary, the removal of SCP in the 3D system (0.57 log) was significantly 
higher compared to the 2D system (0.11 log) (t-test p < 0.05). This result is significant as 
SCP are extremely resistant to chlorination and other commonly applied disinfection 
strategies (e.g., ozonation and UV) (Mounaouer and Abdennaceur 2016, Park et al. 
2016, Tyrrell et al. 1995). The results suggest that enhanced removal efficiency of SCP in 
the 3D system could be attributed to their electrosorption effect to the surface of the 
polarized GAC. 
Overall, the highest log removal was observed for e. coli, followed by SOMCPH 
and SCP. This is in agreement with several studies describing that bacteria are more 
sensitive to electrochemical inactivation than bacteriophages and SCP (Chen et al. 2005, 
Drees et al. 2003, Dunlop et al. 2008). In an electrochemical oxidation system, 
electrochemically generated radical species (i.e., •OH radicals) at the surface of the BDD 
have been reported as the main cause for cellular inactivation (Drees et al. 2003, Neta et 
al. 1988, Zhang et al. 2015). Microorganisms can also be inactivated due to oxidative 
stress and cell damage by electrochemically generated oxidants with powerful germicidal 
capacity such as active chlorine and reactive oxygen species (ROS) (Bergmann et al. 
2008, Chen et al. 2005, Diao et al. 2004).  
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The DAIME analysis (Figure 15) based on the CLSM images of the SGW and the 
effluent after 5h-treatment in the 3D system (Figure 16) show that the proportion of live 
cells decreased from 60% (influent) to 12% (effluent) after treatment in the 3D system. 
Additionally, the proportion of dead cells increased from 40% to 88%. As organic matter 
is electrochemically degraded in the 3D system, non-viable cells may be degraded as 
well, therefore reducing the proportion of dead cells in the effluent.  
Additionally, when comparing viability results obtained from GAC used in GAC 
system and after 3D electrochemical oxidation treatment (Figure 15, Figure 17), the 
proportion of viable cells was 72% and 22%, respectively. This further strengthens the 
assumption of GAC bed material acting as a third electrode (Cañizares et al. 2004, 
Zhang et al. 2013). 
 
Figure 15. DAIME (digital image analysis in microbial ecology) counted abundance of live and 
dead cells in samples from the influent (i.e., SGW); the effluent after 5h treatment in the 3D system; fresh 
GAC particles; GAC particles after 5h treatment in the GAC system; and GAC particles after 5h treatment 
in the 3D system. 
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Figure 16. CLSM images of the (A) influent and (B) effluent, after 5h of 3D electrochemical 
oxidation treatment. 
 
 
65 
 
 
Figure 17. CLSM images of (A) the GAC particle after only adsorption (i.e., GAC system), (B) after 
3D electrochemical treatment of SGW (i.e., 3D system), and (C) fresh GAC. 
5.4.5. Energy consumption 
The energy efficiency of the system is expressed as specific energy consumption 
(ESP) per kg of COD removed. 
𝐸𝑆𝑃 =
1
3600
𝐹 𝑉𝐶𝐸𝐿𝐿
8 𝐴𝐶𝐸𝐶𝑂𝐷
       Equation 13 
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Where F is the Faraday constant (96487 C mol-1), VCELL is the total cell potential 
(V), 8 is the equivalent mass of oxygen (32 g O2 per 4 mol e
-), and ACECOD is the 
average current efficiency of COD removal (Radjenovic and Sedlak 2015).  
The electrical energy per order (EEO), defined as the number of kWh of electrical 
energy required to reduce the concentration of a pollutant by 1 order of magnitude (90%) 
in 1 m3 of contaminated water is calculated using the expression: 
𝐸𝐸𝑂 =
𝑃 𝑡 1000
𝑉𝑜𝑙 60 log(𝐶0 𝐶𝑓⁄ )
       Equation 14 
Where P is the input power (kW), t is the treatment time (min), Vol is the volume of 
water treated (L) and C0 and Cf are the initial and final COD concentration (mg L
-1) 
(Behnajady and Modirshahla 2006). 
Either for the treatment of SGW and RGW, despite the observed higher total cell 
potential in the 3D system (12.3 – 13.3 V) compared to the 2D system (7.6 – 8.1 V), the 
ESP and EEO obtained using the 3D configuration were significantly lower (Table 10). For 
example, the energy consumed by the 2D system for the treatment of SGW, ESP (45.9 
kWh kg COD-1) and EEO (23.1 kWh m
-3 order COD-1) decrease to 30.2 kWh kg COD-1 and 
10.5 kWh m-3 order COD-1 in the 3D system. 
Table 10. Performance parameters related to energy consumption in 2D and 3D electrochemical 
configurations for the treatment of SGW and RGW 
 SGW treatment RGW treatment 
Parameter 2D system 3D system 2D system 3D system 
VANODE vs. SHE (V) 3.8 ± 0.1 3.8 ± 0.1 3.7 ± 0.0 3.2 ± 0.3 
VCELL (V) 8.1 ± 0.1 13.3 ± 0.6 7.6 ± 0.1 12.3 ± 1.7 
ESP (kWh kg COD
-1) 45.9 ± 5.6 30.2 ± 1.2 35.8 ± 1.7 27.5 ± 2.9 
EEO (kWh m
-3 order COD-1) 23.1 ± 3.0 10.5 ± 1.0 10.0 ± 0.8 9.4 ± 1.2 
 
In addition, there were no significant differences in energy consumption for SGW 
and RGW using the 3D configuration, whereas the 2D system was more energy efficient 
when treating SGW compared to RGW (Table 10). It can be attributed to a higher 
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presence of more easily oxidizable organic matter in RGW and to the greater 
concentration of chlorine compared to SGW. 
While it is demonstrated that saturated GAC can be electrochemically regenerated 
in a 3D system when a potential is applied through the bed material, it has been reported 
that an excess in the applied current density can cause the attrition of the GAC particles 
(Gedam and Neti 2014, Narbaitz and Cen 1994, Wang and Balasubramanian 2009). This 
effect has not been observed in this study, however is an important condition that merit 
further research as it can limit the long term performance of 3D electrochemical systems. 
Therefore, currently researchers are working on the development of GAC and other 
particle-based electrodes that are more stable and resistant towards attrition (Misra et al. 
2015).  
5.5. Conclusions 
This study demonstrates that the addition of GAC packed bed in an electrolytic 
system greatly enhances the removal of COD, TOC, turbidity and colour compared to a 
conventional 2D system. Simultaneous adsorption/electrosorption and electrochemical 
oxidation at the surface of GAC enables an improvement in the 3D electrochemical 
treatment performance compared to the superposed operation of GAC and 2D systems. 
This is also evident from the calculated synergy values for COD and TOC removal, of up 
to 28.1% and 32.7%, respectively, for the treatment of SGW, and 9.4% and 28.6% for the 
treatment of RGW Furthermore, COD and TOC determined for the organic matter 
desorbed from the GAC used in the 3D configuration was considerably lower than in the 
case of the GAC system, which demonstrated the electrochemical regeneration of the 
bed material. 
Adsorption onto GAC was inefficient in removing the microorganisms. Disinfection 
capacity of e. coli and SOMCPH in the 2D system is more efficient than in the 3D system, 
due to the accumulation of electrochemically produced chlorine that can inactivate the 
bacteria and viruses, whereas in the 3D system chlorine is decomposed on the GAC 
surface. On the contrary, inactivation of SCP in the 3D configuration is higher likely due 
to electrosorption on the surface of the polarized GAC. 
Despite the higher cell voltage achieved in the 3D system, due to the resistance 
produced by the presence of the bed material, the lower values obtained of EEO and ESP 
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showed that this configuration is more energy-efficient than the 2D system. However 
more research is necessary to define the oxidation mechanisms leading the pollutants 
removal in the 3D system, and the optimal operational conditions to avoid the saturation 
or the attrition of the bed material. 
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6. ELECTROCHEMICAL OXIDATION OF SIMULATED 
GREYWATER IN A THREE-DIMENSIONAL ELECTROCHEMICAL 
SYSTEM AT DIFFERENT APPLIED CURRENT DENSITIES AND 
VOLUMES OF WATER TREATED 
6.1. Abstract 
In this study, the treatment of simulated greywater (SGW) by electrochemical 
oxidation in a three-dimensional (3D) flow-through reactor using a boron-doped diamond 
(BDD) anode and granular activated carbon (GAC) as a bed material was investigated 
using two different applied current densities (15 A m-2 and 20 A m-2) and treating different 
volumes of SGW (2 L and 6 L). The results obtained where compared to adsorption 
(GAC system) and electrochemical oxidation separately. The highest removal capacity of 
chemical oxygen demand (COD), total organic carbon (TOC) turbidity and colour using 
the 3D system at a current density of 15 A m-2 and a volume loading of 2 L were 86.0%, 
85.5%, 88.1% and 100% respectively, while the removal capacity of the two-dimensional 
(2D) system operating under the same conditions were 35.9%, 25.9, 33.6 and 11.9% 
respectively. Adsorption onto GAC achieve the highest removal rates when treating 2 L, 
up to 69.5%, 75.8%, 68.8% and 71.2% respectively. Desorption results and positive 
values of the synergy indicates that other processes besides adsorption and 
electrochemical oxidation are taking place in the 3D system that enhances the treatment 
process and can lead to the regeneration of the bed material. The removal capacity of 
COD, TOC, turbidity and colour and the kinetic constants for COD and TOC removal 
increase with the applied current density and decreasing the volume treated. However, 
the energy efficiency of the electrochemical treatment decreases, due to mass transfer 
limitation of pollutants to the surface of the BDD, which favours the occurrence of side 
reactions. Therefore, it is necessary to optimise the applied current density and the load 
of pollutants (i.e., volume treated) to find a balance between the energy consumption and 
the removal efficiency of the 3D system when treating SGW. 
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6.2. Introduction 
The efficiency of the electrochemical system for the treatment of wastewater will 
depend on several factors including the applied current density and voltage, the influent 
composition and the amount of volume treated (Chen et al. 2005).  
It has been frequently reported that the current density (i) is a critical parameter to 
control the removal rate of pollutants in electrochemical processes for the treatment of 
wastewater (Ahmadian et al. 2012, Emamjomeh and Sivakumar 2009, Lin and Peng 
1996, Martinez-Huitle et al. 2015, Yu et al. 2014). Studies reporting data on the effect of 
the applied current density in the performance of the electrochemical oxidation process 
gives rise to the difficulty of the process optimization due to a discrepancy regarding the 
evaluation of the system performance based on removal capacity of the process or on 
the current efficiency. It has been broadly reported that an increase in the applied current 
density leads to an improvement in the removal capacity of the pollutants in 
electrochemical oxidation processes (Bashir et al. 2009, Lin and Peng 1996, Panizza and 
Cerisola 2008). However, increasing values of applied current have also shown to lead 
lower current efficiencies. However, Panizza and Cerisola (2003) reported insignificant 
effect of this parameter in the electrochemical degradation of 2-naphtol (Panizza and 
Cerisola 2003) or phenolic wastes (Cañizares et al. 2005), were removal was observed to 
be independent of the current density, depending only on the charge passed. In addition, 
other research studies have shown that increased values of i leads to lower current 
efficiencies (Comninellis and Nerini 1995, Keerthi et al. 2013, Panizza and Cerisola 2008, 
Scialdone et al. 2008). 
In addition, it has been reported that high concentrations of pollutants in the 
influent favours the current efficiency of the treatment, as the process is controlled by the 
production of oxidant species at the anode surface that interact with the pollutants in the 
proximities of the anode surface. However, as the concentration of pollutants decreases 
during the treatment process, mass transport of these components to the proximities of 
the anode will become the limiting step controlling the performance of the system. 
Consequently, side reactions in the anode surface (i.e., oxygen evolution or electrolyte 
decomposition) are favoured to occur and the current efficiency of the electrochemical 
process will decrease (Cañizares et al. 2005, Panizza et al. 2008, Scialdone et al. 
2009a). This behaviour has been reported for BDD electrodes, considering that the 
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electrochemical oxidation at the anode surface (BDD) is a direct process (direct 
electrochemical oxidation), or mediated by hydroxyl radicals (•OH) (Cañizares et al. 2005, 
Martínez-Huitle and Ferro 2006, Panizza et al. 2001b, Scialdone et al. 2008). According 
to this, when treating lower volumes of wastewater during the same electrolysis time, the 
removal capacity of pollutants is expected to increase, however the efficiency of the 
electrochemical oxidation process can decrease.  
The mass transfer of a conventional flow-by electrochemical oxidation system can 
be substantially improved (1) by using a flow-through reactor (Yang et al. 2009), and (2) 
by introducing a bed material inside the reactor (i.e., 3D electrochemical system). The 
process experiences an increase of the specific surface area, thus a decrease in mass 
transfer limitations (Hussain et al. 2014, Zhang et al. 2013, Zhu et al. 2011). 
The objective of this study is to evaluate the removal capacity and the energy 
efficiency of a 3D electrochemical oxidation system with GAC filling for the removal of 
COD, TOC, turbidity and colour when treating SGW, testing the effect of the current 
density and the volume treated. The results will be compared to the treatment by 
adsorption onto GAC, and electrochemical oxidation in a conventional 2D 
electrochemical system separately. 
6.3. Materials and methods 
Five consecutive seven-hour experiments were performed using the reactor under 
three different configurations, (i) experiments with 3D reactor in open circuit (i.e., no 
current applied), to investigate the adsorption of contaminants onto GAC (GAC system), 
(ii) experiments with 2D reactor (i.e., no GAC placed between the electrodes), to 
investigate the removal of contaminants by electrochemical oxidation on BDD anode (2D 
system), and (iii) experiments with 3D reactor with applied current, to investigate the 
removal of contaminants by combined adsorption and electrochemical oxidation (3D 
system). 
SGW has been characterized (Chapter 4 Section 4.1 Table 8) and was treated in 
each configuration following the procedures described in Sections 4.2 and 4.3 (Chapter 
4), using two different current densities (15 A m-2 and 20 A m-2) and two different volumes 
of SGW treated (2 L and 6 L). 
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Desorption experiment were performed with the GAC used in the GAC and 3D 
systems following the procedure described in the Section 4.4 (Chapter 4). 
TOC, COD, turbidity and colour were measured following the analytic procedures 
described in Section 4.7 (Chapter 4). 
6.4. Results and discussion 
6.4.1. Characterization of simulated greywater 
Results of the characterization of SGW are summarized in the Chapter 4 Section 
4.1 Table 8. 
6.4.2. Effect of the applied current density in the removal capacity and 
kinetic constants for the treatment of simulated greywater 
Results of the removal capacity of COD, TOC, turbidity and colour using the 
reactor under the three different configurations (i.e., GAC system, 2D system and 3D 
system) at different current densities (15 A m-2 and 20 A m-2) and volumes (2 L and 6 L) 
are summarized in Figure 18 and Table 11. In addition, Figure 19 shows the kinetic 
constants for the removal of COD and TOD. Kinetic constants have been calculated 
using the Equation 11 (Chapter 5 Section 5.4.2). 
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Figure 18. Removal capacity of the GAC, 2D and 3D system at two different current densities (15 A m
-2
 and 20 A m
-2
) and two treated volumes (2 L 
and 6 L). (A) volume 6 L, current density 20 A m
-2
; (B) volume 6 L, current density 15 A m
-2
; (C) volume 2 L, current density 15 A m
-2
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Table 11. Removal percentage of COD, TOC, turbidity, and colour in the GAC, 2D and 3D systems 
at two different current densities (15 A m
-2
 and 20 A m
-2
) and two treated volumes (2 L and 6 L) 
OPERATIONAL 
CONDITIONS 
SYSTEM COD TOC Turbidity Colour 
6 L 
20 A m-2 
GAC 49.5 ± 0.0 38.9 ± 0.0 50.7 ± 1.5 12.6 ± 3.6 
2D 23.6 ± 2.7 14.0 ± 3.0 35.1 ± 3.0 20.6 ±2.5 
3D 60.7 ± 1.6 55.3 ± 0.0 58.2 ± 1.0 59.0 ± 6.7 
6 L 
15 A m-2 
GAC 49.5 ± 0.0 38.9 ± 0.0 50.7 ± 1.5 12.6 ± 3.6 
2D 15.7 ± 2.8 9.7 ± 2.7 31.1 ± 5.5 38.5 ± 4.7 
3D 52.9 ± 0.5 59.9 ± 0.0 44.4 ± 0.8 50.3 ± 6.0 
2 L 
15 A m-2 
GAC 69.5 ± 5.3 75.8 ± 3.8 68.8 ± 6.2 71.2 ± 7.5 
2D 35.9 ± 2.8 25.9 ± 2.1 33.6 ± 0.8 11.9 ± 2.2 
3D 86.0 ± 6.8 85.5 ± 1.9 88.6 ± 1.9 100.0 ± 0.0 
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Figure 19. Apparent removal rate constants (h
-1
) for COD and TOC removal when treating SGW at 
two different current densities (15 A m
-2
 and 20 A m
-2
) and two treated volumes (2 L and 6 L). (A) volume 6 L, 
current density 20 A m
-2
; (B) volume 6 L, current density 15 A m
-2
; (C) volume 2 L, current density 15 A m
-2
. 
In Figure 18 (A) and (B), the removal capacities of COD, TOC, turbidity and colour 
in the 2D and 3D electrochemical oxidation systems at two different current densities, 20 
and 15 A m-2 respectively, is represented. It can be observed that the removal capacity for 
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COD, TOC and turbidity in the 2D system increases with the applied current density in all 
the trials, from 15.7% to 23.6%, from 9.7% to 14.0%, and from 31.48% to 35.08% 
respectively. The overall removal capacity of the 3D system during the five consecutive 
trials also increases within the same range when applying higher values of the current 
density. However, while in the 3D system the removal efficiency of colour increases from 
50.3-32.8% to 55.3-33.5%, in the 2D system an opposite tendency is observed and the 
colour removal capacity decreases from 38.5% to 20.6% when increasing the applied 
current density from 15 A m-2 to 20 A m-2. It has been reported that COD and colour 
removal increases with the applied current density (López-Grimau and Gutiérrez 2006, 
Moraes and Bertazzoli 2005, Panizza and Cerisola 2008). Deng and Englehardt (2007) 
reported that the removal efficiency of colour in landfill leachate treated by electrochemical 
oxidation was increased by five times when increasing the applied current density from 
130 A m-2 to 1160 A m-2 (Deng and Englehardt 2007). However, the experimental results in 
the 2D system show that colour is being generated during the first 3 h of treatment and 
then is being degraded. Same tendency has been reported by Narbaitz and Cen (1994) 
who suggested that it can be due to the electrochemical generation of coloured products 
such as polymerized phenols in the bulk solution (Narbaitz and Cen 1994). Studies 
showed that the oxidation of mono and polyciclic aromatic hydrocarbons can cause an 
increase in colour when they are decomposed in oxidation processes (i.e., ozonation) 
(Mijangos et al. 2006, Shang and Yu 2002). They have been found in greywater (GW) in 
concentrations in the range of µg L-1 (i.e., Benzo(a)pirene, Chrysene, Fluoranthene, 
Pyrene, phthalates, nonylphenol- (NP) and octylphenol (OP) ethoxylates) (Palmquist and 
Hanæus 2005). In addition, it has been reported that when •OH radicals mediate the 
oxidation reaction might induce strong colour formation and a high concentration of 
coloured matter (Shang and Yu 2002), thus an increase in the applied current density can 
induce a higher production rate of •OH, generating more colour at the beginning of the 
electrochemical process that is removed during the treatment. As these compounds can 
be adsorbed and electrosorbed in the GAC bed of the 3D system they are removed from 
the effluent and this effect cannot be observed in this configuration. In addition, it is 
important to recall that the initial colour concentration in SGW is in the range 8.2 ± 1.15 mg 
L-1 Pt-Co (Chapter 4 Section 4.1 Table 8), which is considerably low compared to drinking 
water (15 mg L-1 Pt-Co) according to the EPA standards (EPA 2009). Thus any small 
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variation in the colour during the electrochemical oxidation process will be reflected as a 
major variation in the removal capacity of this parameter in Figure 18.  
The removal rates of COD and TOC were estimated using the linear regression 
first-order decay model fit to the data, with coefficients R2 ≥ 0.9 (Figure 19) for the 
treatment of SGW in the GAC (k1), 2D (k2), and 3D (k3) systems. It can be observed that 
kinetic constants of 3D electrochemical system are up to 8 times higher than the ones 
obtained using the 2D system for both current densities applied. This difference is 
particularly high when comparing to the results obtained for the 3D system in the trial 1, 
when GAC is fresh (and dry) and present the fastest adsorption capacity for the removal of 
the pollutants as it is adsorbing the SGW as they enter in contact. It can be observed that 
kinetic constants of the 2D and 3D systems increase with the applied current density. 
Same tendency has been reported by Moraes and Bertazzoli (2005) for the removal of 
COD and TOC when treating landfill leachate in an electrochemical oxidation system 
(Moraes and Bertazzoli 2005). The amount of reactive oxygen species (ROS) produced at 
the anode increase with the applied current density, as the charge at the anode increases 
it favours the production of ROS that interact with the pollutants in the bulk solution.  
Based on these kinetic constants, the synergy between adsorption and 
electrochemical oxidation in a 3D system can be calculated using the Equation 12 
(Chapter 5 Section 5.4.2). Synergy values represent the enhanced effect of the 
combination of adsorption and electrochemical oxidation compared to the performance of 
these two processes separately. Positive values of synergy suggest that other processes 
besides adsorption and electrochemical oxidation are taking place in the 3D system that 
enhances the treatment process such as electrosorption, direct and indirect 
electrochemical oxidation in the surface of the bed material, or catalysis on the surface of 
the GAC (Kong et al. 2006, Lücking et al. 1998, Polcaro et al. 2000, Yasri et al. 2015, 
Zhang et al. 2013, Zhou and Lei 2006a, Zhou and Lei 2006b, Zhu et al. 2011). When a 
current density of 15 A m-2 is applied, synergy values observed for COD and TOC removal 
decrease from 0.0% in the first trial to (-50.9)% in the fifth trial, and from 16.1% to (-48.6)% 
respectively. Same tendency is observed for an applied current density of 20 A m-2. The 
kinetic constant obtained for the 3D electrochemical system (k3) decrease over the five 
consecutive experiments 2 times faster than k1 for the removal of COD and 4 to 5 times 
faster for the removal of TOC when applying 15 A m-2 and 20 A m-2 respectively. This 
tendency suggest that the active sites in the surface of the GAC bed in the 3D system are 
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getting saturated with the adsorbed pollutants present in the SGW, thus reducing the 
removal efficiency of the process over the five consecutive trials. Therefore, it is expected 
that synergy increase, to (-21.2) – 10.3% and (-37.7) – 34.2% for COD and TOC 
respectively, when increasing the current density up to 20 A m-2, as the formation of more 
ROS is favoured that can degrade the pollutants reducing the saturation effect of the 
surface of the GAC in the 3D system.  
6.4.3. Effect of the treated volume in the removal capacity and kinetic 
constants for the treatment of simulated greywater 
Using the same electrolytic cell, a decrease in the volume of wastewater treated 
translates to a proportional increase in the contact time of the pollutants with the anode 
surface. Such an increase in contact time would expectedly lead to an increase in the 
removal of COD, TOC, turbidity and colour from the SGW (Bashir et al. 2009). When 
reducing the volume treated from 2 L to 6 L and keeping constant the treatment time (7h), 
the contact time of the wastewater with the anode and bed material is increased in the 
same proportion, by 3 times. 
From the Figure 18 can be observed that the removal capacity of COD, TOC 
turbidity and colour increases in the three reactor configurations (i.e., GAC system, 2D 
system and 3D system) when decreasing the volume of treated SGW from 6 L to 2 L. 
Removal capacity of adsorption onto GAC (i.e., GAC system) increases up to 1.8, 2.2, 1.4 
and 5.3 times the removal of COD, TOC, turbidity and colour respectively, while the 3D 
system increases 2.2, 2.5, 3.1 and 3.0 times the treatment capacity. On the contrary, 
despite the removal of COD, TOC and turbidity in the 2D system increases from 15.7% to 
35.9%, from 9.7% to 25.9% and from 31.5% to 33.6% respectively, colour removal 
decreases from 38.5% to 11.9% when decreasing the volume of SGW treated. Following 
the previous explanation, the oxidation of aromatic compounds present in the SGW can 
contribute to the formation of colour during the first hours of the electrochemical process. 
The formed colour can be later degraded by electrochemical oxidation.  
Compared to the results obtained when the volume of SGW treated was 6 L, the 
saturation effect on the GAC in the GAC system and in the 3D system are not observed 
when treating 2 L. The removal capacity of the GAC system over the five consecutive 
experiments treating 2 L of SGW remains constant in the ranges of 65.1-69.5%, 65.6-
75.7%, 56.6-71.2%, and 43.9-68.8% for the removal of COD, TOC, colour and turbidity 
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respectively, while the capacity of the 3D system increases over the trials from 79.5% to 
86.1%, from 84.3% to 85.5%, from 87.8% to 100% and from 54.5% to 88.1% respectively, 
which suggest that the GAC in the 3D system is being regenerated, favouring the 
presence of more active sites that contribute to enhance the removal capacity of the 3D 
system over the GAC system. 
When decreasing the volume of water treated from 6 L to 2 L, the kinetic constants 
for the removal of COD and TOC by electrochemical oxidation in the 2D system (k2) 
increase 5.2 and 1.8 times respectively, k1 and k3 increases up to 3.3 and 4.2 times 
respectively for COD degradation and 3.4 and 5.0 times respectively for the removal of 
TOC. Synergy values also increase to 17.8-28.1% and 14.6-32.7% for COD and TOC 
removal respectively. Reducing the treated volume of SGW, thus augmenting the contact 
time, causes an increase in the synergy values. It indicates electrosorption, direct and 
indirect electrochemical oxidation in the surface of the bed material (i.e., GAC acting as a 
third electrode), or catalysis on the surface of the GAC, may be favouring the performance 
of the 3D system compared to adsorption and electrochemical oxidation separately, and 
are leading the regeneration of the GAC in the 3D system and an increase in the active 
sites on its surface. 
6.4.4. Desorption experiments 
Desorption experiments were performed to compare the degree of saturation and 
electroregeneration (i.e., degradation of the adsorbed organics due to the electrocatalysis 
and electrochemical oxidation occurring at the surface of GAC in a 3D system) of the GAC 
used by the GAC system and 3D system for the treatment of SGW at different current 
densities (15 A m-2 and 20 A m-2) and volumes (2 L and 6 L). The desorption results 
obtained from the used GAC in the GAC and the 3D configurations are summarized in the 
Table 12. 
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Table 12. Desorption results from the GAC used for the treatment of SGW in the GAC and 3D 
system using different volumes of SGW (2 L and 6 L) and applied current densities (15 A m
-2 
and 20 A m
-2
) 
  
True Colour COD soluble TOC soluble TC soluble TIC soluble 
  
mg L-1 Pt-Co mg L-1 mg L-1 mg L-1 mg L-1 
GACGAC system 
2 L 105.8 ± 17.1 14.0 ± 0.8 6.5 ± 0.4 32.4 ± 1.2 26.0 ± 1.6 
6 L 282.7 ± 0.3 44.7 ± 1.2 14.1 ± 0.3 37.3 ± 1.2 23.2 ± 1.3 
GAC3D system 
2 L, 15 A m-2 48.3 ± 8.7 2.9 ± 0.4 4.9 ± 0.6 9.9 ± 1.9 5.0 ± 1.3 
6 L, 15 A m-2 69.7 ± 0.0 37.3 ± 1.2 5.1 ± 0.4 11.8 ± 1.1 6.7 ± 1.2 
6 L, 20 A m-2 96.7 ± 0.3 35.3 ± 0.6 28.8 ± 0.4 29.0 ± 0.9 0.2 ± 0.3 
 
Desorption results for the GAC used in the GAC configuration (i.e., only adsorption), 
show that when increasing the volume of wastewater treated 3 times (from 2 L to 6 L), the 
desorbed colour, COD and TOC increases proportionally, 2.8, 3.2 and 2.2 times 
respectively. However, desorbed total carbon (TC) is slightly increased from 32.4 mg L-1 to 
37.3 mg L-1 while desorbed total inorganic carbon (TIC) decreases from 26.0 mg L-1 to 
23.3 mg L-1. While the performance of GAC adsorption of organic pollutants has been well 
founded in literature (Islam et al. 2015, Khan et al. 1997, Li et al. 2002), the adsorption of 
inorganic carbon components onto GAC has not been well documented. SGW pH is 5.00, 
inorganic carbon species at this pH are mainly as a bicarbonate anion (HCO3
-). The results 
suggest that the affinity of this group with the chemical groups on the surface of the GAC 
is not favourable, thus inorganic carbon is not being retained by adsorption.  
It can be observed that desorbed parameters from the GAC used in the 3D system 
are lower compared to the GAC used in adsorption experiments. Previous results on the 
positive values of the synergy when treating 2 L of SGW suggested that when GAC is in 
the middle of an electric field (3D system), GAC can act as a third electrode and 
electrosorption, direct and indirect electrochemical oxidation and catalysis of H2O2 to 
produce •OH radicals can occur on its surface, favouring the performance of the 3D 
system. The results suggest that the GAC used in the 3D reactor has been regenerated, 
as the adsorbed compounds can be degraded by ROS formed through electrochemical 
oxidation and catalytic reactions on the surface of the GAC.  
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Comparing the results obtained for the GAC used in the 3D system under different 
applied current densities (15 A m-2 and 20 A m-2) it can be observed that the colour, TOC 
and TC desorbed from the GAC used in the 3D system at 20 A m-2 are 1.4, 5.6 and 2.5 
times higher than when using the lower value of applied current density, while the value of 
COD is within the same range for both experiments. Despite it has been reported that 
increasing the current density improves the regeneration capacity of the GAC by 
electrochemical oxidation (Narbaitz and Cen 1994, Wang and Balasubramanian 2009, 
Zhou and Lei 2006b), the results obtained indicate the opposite tendency. It can be 
suggested that electrosorption of pollutants on the charged surface of the GAC is 
enhanced when applying a higher current density, thus the active sites of the GAC are 
blocked and ROS are not being produced at an adequate rate to degrade the adsorbed 
pollutants and regenerate the GAC. It can be observed that when applying the same 
current density (15 A m-2) and reducing the volume of SGW treated from 6 L to 2 L, the 
desorbed COD is considerably lower (12.9 times) compared to 6 L, which indicate that the 
regeneration process of GAC in the 3D system can be favoured when treating less 
volume, thus increasing the electrolysis time.  
6.4.5. Energy consumption 
The energy efficiency of the system is expressed as specific energy consumption 
(ESP) per kg of COD removed, and it has been calculated by applying Equation 13 
(Chapter 5 Section 5.4.5). The electrical energy per order (EEO), defined as the number of 
kWh of electrical energy required to reduce the concentration of a pollutant by 1 order of 
magnitude (90%) in 1 m3 of contaminated water is calculated using the Equation 14 
(Chapter 5 Section 5.4.5). 
Table 13 summarizes the energy consumption as ESP and EEO of the 2D and 3D 
electrochemical oxidation systems for the treatment of SGW at different applied current 
densities (15 A m-2 and 20 A m-2) and volumes of SGW treated (2 L and 6 L). 
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Table 13. Performance parameters in the 2D and the 3D electrochemical configurations using 
different volumes of SGW (2 L and 6 L) and applied current densities (15 A m
-2
 and 20 A m
-2
) 
  
VANODE VCELL ESP EEO 
  
V vs. SHE V kWh kg COD-1 kWh m-3 order COD-1 
2D system 
2 L, 15 A m-2 3.8 ± 0.1 8.1 ± 0.1 45.9 ± 5.6 23.1 ± 3.0 
6 L, 15 A m-2 3.7 ± 0.0 7.8 ± 0.1 28.5 ± 2.4 16.1 ± 1.3 
6 L, 20 A m-2 4.3 ± 0.1 9.8 ± 0.2 37.6 ± 4.2 19.9 ± 2.6 
3D system 
2 L, 15 A m-2 3.8 ± 0.1 13.3 ± 0.6 30.2 ± 1.2 10.5 ± 1.0 
6 L, 15 A m-2 3.8 ± 0.0 12.8 ± 0.7 16.6 ± 2.5 8.0 ± 1.2 
6 L, 20 A m-2 4.0 ± 0.1 15.0 ± 0.5 26.8 ± 2.2 10.7 ± 1.8 
 
According to the results presented in Chapter 5 Section 5.4.5 Table 10, it can be 
observed that despite the anode potential (VANODE) does not vary when treating SGW 
using either a 2D or 3D electrochemical configurations, the cell potential increases 
considerably in the 3D system due to the resistance produced when a bed material is 
situated between the electric field. Despite the observed increase in total cell potential due 
to the presence of the GAC bed, the ESP and EEO observed in the 3D system are 1.5 and 
2.0 times higher respectively compared to the 2D system for all the experiments, 
demonstrating that the energy efficiency of the 2D system is enhanced when GAC is 
added as a bed material (Can et al. 2014, Cañizares et al. 2004, Sakakibara et al. 2010, 
Zhang et al. 2013). It has been documented that efficiency of a conventional 
electrochemical system for wastewater treatment can be substantially improved by the use 
of a bed material inside the reactor (Hussain et al. 2014, Zhang et al. 2013, Zhu et al. 
2011). The presence of the GAC in the 3D system enhances the performance of the 
electrochemical process, and the removal of pollutants is faster than using a conventional 
2D system as electrochemical oxidation and catalysis reactions are occurring on the 
surface of the charged GAC, favouring the production of ROS and the degradation of the 
pollutants present in SGW and leading the regeneration of the bed material. 
Results show that while the removal capacity of COD, TOC and turbidity and the 
value of the kinetic constants for the removal of COD and TOC increased in the 
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electrochemical oxidation processes (2D and 3D systems) when increasing the applied 
current density from 15 A m-2 to 20 A m-2 (for the experiments treating 6 L of SGW), the 
energy efficiency per kg of COD removed decrease, increasing the energy required to 
remove the same amount of pollutants, ESP from 28.5 to 37.6 kWh kg COD
-1 and EEO from 
16.1 to 19.9 kWh m-3 order COD-1 in the 2D system and ESP from 16.6 to 26.8 kWh kg 
COD-1 and EEO from 8.0 to 10.7 kWh m
-3 order COD-1 in the 3D configuration. It has been 
widely reported that pollutants removal improves with increasing the current density (Lin 
and Peng 1996). Using higher current densities may reduce the treatment time to remove 
the COD and TOC from the wastewater, however, it will induce an increase of the cell 
potential (VCELL) which results in increased energy consumption and decreased current 
efficiency (Liu et al. 2016, Marcionilio et al. 2016, Martinez-Huitle et al. 2015, Yasri et al. 
2015). Anglada et al. (2010) shows that in an electrochemical system for landfill leachate 
treatment by BDD anodic oxidation, an increase of the current density from 300 to 600 A 
m-2, incur in a decrease of the energy efficiency as the energy required for the removal of 
COD increased from 53 to 94 kWh kg COD-1(Anglada et al. 2010).  
An increase in the applied current density improves efficiency of the electrochemical 
oxidation process when it is below a limit value. The production of •OH radicals at the 
surface of the BDD anode must be enough to consume the pollutants that flow toward the 
anodic surface, the current density that meet this requirement is the limiting current density 
(Panizza et al. 2008, Vatistas and Comninellis 2010). Therefore, if ilimiting > iapplied, the 
kinetics of the process is controlled by the charge transference (i.e., the faradaic efficiency 
is 100%) and the removal of COD will be linear. However when ilimiting < iapplied the reaction 
is limited by the transference of pollutants towards the anode surface, and secondary 
reactions will take place at the anode and the removal of COD will be exponential 
(Martínez-Huitle and Ferro 2006, Panizza and Cerisola 2008, Panizza et al. 2008, 
Scialdone et al. 2008, Vatistas and Comninellis 2010, Wei et al. 2010). The applied current 
(i) must be reduced and adjusted during the electrolysis to be close to the limiting value 
that is going to be given by the concentration of COD in the solution at time t (Panizza et 
al. 2008). However, it is not practically feasible to decrease it below an anode potential 
lower than 2.80 V (vs. SHE), as it will decrease the production of ROS species, particularly 
•OH radicals, necessary to degrade the pollutants in SGW. In addition, the excess of 
current can cause heating of the solution rather that increasing the production of ROS 
(Gedam and Neti 2014, Keerthi et al. 2013, Lin and Peng 1996). The use of higher current 
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densities may also affect the life span of the electrodes, which will be shortened at higher 
values of current density (Zhu et al. 2009). Therefore, it is necessary to find a balance 
between the energy consumption and the removal efficiency of the system when treating 
wastewater. 
Bashir et al., (2009) reported that increasing the current density can cause that the 
corrosion of the graphite carbon electrode (Bashir et al. 2009). In the 3D system corrosion 
of the bed material can occur due to the presence of a high electric field through the GAC 
(García-Otón et al. 2005, Narbaitz and Cen 1994, Wang and Balasubramanian 2009), thus 
it is an important consideration when operating the system at higher current densities. 
In addition, results in Table 13 show that when decreasing the volume of 
wastewater treated by electrochemical oxidation in the 2D and the 3D configurations (from 
6 L to 2 L), the energy required by the process to degrade the COD, ESP and EEO, increase 
1.61 and 1.4 times respectively in the 2D system and 1.8 and 1.3 times respectively in the 
3D system, indicating a decrease in the energy efficiency of the treatment. It has been 
reported that in an electrochemical oxidation system treating an influent with high 
concentrations of COD, the energy efficiency of the process is controlled by the production 
of oxidant species in the surface of the anode material and the effect of side reactions is 
negligible. In this scenario, the instantaneous current efficiency (ICE) is maintained in a 
value close to 1 (100% current efficiency). COD continues being degraded in the oxidation 
process, when COD concentration in the water is below to a given COD value (CODlimiting) 
(i.e., COD value from which the COD transfer rate limits the overall electrochemical 
process rate) ICE decreases linearly down to 0. The process then is controlled by the 
transference of pollutants towards the anode surface, and side reactions are favoured to 
occur, decreasing the energy efficiency of the process (Cañizares et al. 2005, Comninellis 
and Pulgarin 1991, Panizza and Cerisola 2008, Scialdone et al. 2009a).  
Limiting COD concentration can be calculated from the derivation of the following 
expression when ICE is equals to 1 (Cañizares et al. 2005, Comninellis and Pulgarin 
1991). 
𝐼𝐶𝐸 =
[𝐶𝑂𝐷𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔] 𝐹 𝑉𝑜𝑙
8 𝐼 ∆𝑡
        Equation 15 
Where ICE is the instantaneous current efficiency (equals to 1), CODlimiting is the 
limiting COD (g O2 L
-1), F is the Faraday’s constant (96487 C mol-1), Vol is the volume of 
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water treated (L), 8 is a dimensional factor for unit consistence (32 g O2 mol
-1 O2 / 4 mol e- 
mol-1 O2), i is the current intensity (A) and Δt is the reaction time (s). 
The COD limiting is related to the mass transfer coefficient and applied current density 
as in the following equation (Panizza et al. 2001a, Rodrigo et al. 2001): 
𝐶𝑂𝐷𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔 =
𝑖
4 𝐹 𝑘𝑚
        Equation 16 
Where i is the applied current density (A m-2), F is the Faraday constant (96487 C 
mol-1) and km is the mass transfer coefficient (m s
-1). Therefore when COD ≤ CODlimiting, 
mass transport of pollutants to the anode surface is limiting the treatment process (i.e., is 
the control stage of the process). Then lower current densities (decreasing i) and higher 
flow rates (increasing km) are expected to increase the mass transfer of pollutants and 
enhance the current efficiency of the anodic oxidation process (Scialdone et al. 2009b).  
The calculated values for the CODlimiting according to the operational parameters are 
156.0 mg L-1 and 52.2 mg L-1 during electrochemical oxidation of 2 L and 6 L of SGW 
respectively at 15 A m-2, and 69.6 mg L-1 when treating 6 L at 20 A m-2. These values 
indicate that if the electrochemical oxidation process continues when the COD has 
decreased below these concentrations, the energy efficiency of the process will decrease 
as well, consuming more energy per kg of COD removed (ESP and EEO). These results are 
in accordance with the values presented in the Table 13. Therefore, when treating 2 L of 
SGW at 15 A m-2, the CODlimiting is achieved faster, as the value is higher, and the energy 
efficiency of the process will start to decrease sooner than experiments treating 6 L of 
SGW at 15 A m-2, thus making the previous conditions (volume of 2 L and current density 
15 A m-2) less energetic efficient. Same explanation applies when treating 6 L of SGW at 
two different current densities (15 A m-2 and 20 A m-2), as using higher current density will 
allow the system to achieve the CODlimiting faster. 
Equation 15 can be also applied to calculate the limiting current density (ilimiting) 
when substituting the value of the COD of the wastewater using during the experiments for 
ICE equals to 1. The obtained values are 0.80 A and 0.30 A for the treatment of 6 L and 2 
L respectively.  
6.5. Conclusions 
This study evaluates the removal capacity and the energy efficiency of a 3D system 
under three different configurations; (i) GAC system (i.e., adsorption of pollutants onto 
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GAC), (ii) 2D system (i.e., electrochemical oxidation of pollutants on a BDD anode), and 
(iii) 3D system (i.e., combined adsorption onto GAC and electrochemical oxidation on a 
BDD anode in the same reactor); using two different applied current densities (15 A m-2 
and 20 A m-2) and treating different volumes of SGW (2 L and 6 L).  
The obtained results showed that increasing the current density in the 2D and 3D 
systems improves the removal capacity of pollutants and the kinetic constants for the 
removal of COD and TOC. However, to the contrary reported in literature, desorption 
results showed that regeneration capacity of the GAC by electrochemical oxidation in the 
3D system is not favoured by an increase in the current density when treating 6 L of SGW. 
This result suggest that the volume of wastewater treated and the concentration of 
pollutants (i.e., organic load), and the applied current density in a 3D system strongly 
affect the performance of the 3D system. When treating high volumes of SGW, high 
concentrated sources or operating at low values of applied current density, the production 
of oxidant species not sufficient to oxidise the pollutant content in the SGW. Therefore, the 
active sites of the GAC can be blocked and ROS are not being produced at an adequate 
rate to degrade the adsorbed pollutants and regenerate the GAC.  
When reducing the volume of SGW treated from 6 L to 2 L, thus increasing the 
electrolysis time, this saturation effect is not observed, and the regeneration of the GAC in 
the 3D system is favoured. Furthermore, positive values of synergy when the 3D system is 
treating a lower volume of SGW (2 L) suggest that other processes besides adsorption 
and electrochemical oxidation are taking place in the 3D system, such as electrosorption, 
direct and indirect electrochemical oxidation in the surface of the bed material, or catalysis 
on the surface of the GAC, that enhances the treatment process and can lead to the 
regeneration of the bed material. Desorption results of the used GAC in the GAC system 
and 3D system when treating 2 L of SGW suggest that the GAC has been regenerated 
electrochemically in the 3D system. The regeneration of the GAC in the 3D system favours 
the presence of more active sites that contribute to enhance the removal capacity of the 
3D system over the GAC system. In addition, despite the observed increase in total cell 
potential due to the presence of the GAC bed, the energy efficiency observed in the 3D 
system is up to 2.0 times higher compared to the 2D system, demonstrating that the 
energy efficiency of the 2D system is enhanced when GAC is added as a bed material.  
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However, an increase in the applied current density, and a decrease in the volume 
of wastewater treated (i.e., decreasing the organic load) in the 2D and 3D system results 
in a decrease in the energy efficiency of the process. Due to the decrease of pollutants 
during the treatment and the excess of applied current density, the transference of 
pollutants towards become the limiting stage of the process, and the excess of applied 
energy favours the occurrence of side reactions, decreasing the energy efficiency of the 
process. In addition, an excess of current density can cause the heating of the solution 
rather that increasing the production of ROS, limiting the life span of the electrodes. It can 
also contribute to the corrosion/attrition of the bed material in the 3D system.  
When mass transfer of pollutants are limiting the efficiency of the process, 
increasing the flow rate to decrease the mass transfer limitations and decreasing the 
current efficiency of the process can be an alternative. However, when decreasing the 
applied current density anode potential will decrease as well, and if it is lower than 2.80 V 
(vs. SHE) is not practically feasible as it will decrease the production of ROS species 
necessary to degrade the pollutants in the SGW. 
Therefore, it is necessary to find a balance between the energy consumption and 
the removal efficiency of the system when treating wastewater in a 3D configuration, to 
ensure the optimal energy consumption and the regeneration of the bed material.  
Finally, it is important to recall the importance on defining to which of these 
parameters the enhanced performance of the electrochemical system is referred to. Some 
author only consider that an increase in the removal capacity of the electrochemical 
oxidation process indicates and enhancement of the treatment (Bashir et al. 2009, Lin and 
Peng 1996, Panizza and Cerisola 2008), while other studies define the performance of the 
system based on the energy efficiency per order (Comninellis and Nerini 1995, Keerthi et 
al. 2013, Panizza and Cerisola 2008, Scialdone et al. 2009b) which is more relevant if 
considering the practical applicability of this technology. 
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7. COMPARISON OF THE PERFORMANCE OF GRANULAR 
GRAPHITE AND GRANULAR ACTIVATED CARBON AS A BED 
MATERIAL IN A THREE-DIMENSIONAL ELECTROCHEMICAL SYSTEM 
FOR THE TREATMENT OF SIMULATED GREYWATER 
7.1. Abstract 
A three-dimensional (3D) electrochemical oxidation system using a boron-doped 
diamond (BDD) anode was used to treat simulated greywater (SGW) using two different 
bed materials, namely granular activated carbon (GAC) and granular graphite (GG). The 
obtained results were compared to adsorption onto GAC and GG and BDD 
electrochemical oxidation separately. Results obtained for the removal capacity of 
chemical oxygen demand (COD), total organic carbon (TOC), and turbidity showed that, 
regardless if GAC or GG is used as a bed material in the 3D system, its performance 
improves considerably compared to electrochemical oxidation in a two-dimensional (2D) 
configuration. Due to the lower surface area of GG (700 times lower than GAC), its 
adsorption capacity decreases 3.0 (COD), 2.8 (TOC) and 1.8 (turbidity) times compared to 
GAC. Positive synergy values obtained using both bed materials indicate that other 
processes besides adsorption and electrochemical oxidation are occurring on the surface 
of the bed material in the 3D electrochemical system. However, when a current of 15 A m-2 
is applied through the GG, colour formation is detected and it increases considerably over 
the consecutive experiments, which suggest that GG bed is being oxidized in the 3D 
system. While the energy efficiency of the 2D system increases when GAC is added as a 
filling material, the specific energy consumption (ESP) and the electrical energy per order of 
COD removed (EEO), decreases from 45.9 kWh kg COD
-1 to 30.2 kWh kg COD-1, and from 
23.1 kWh m-3 order COD-1 to 10.5 kWh m-3 order COD-1 respectively, when it is substituted 
by GG the efficiency remains within the same range than in the 2D configuration. The 
results suggest that physic-chemical properties of the bed material (i.e., conductivity and 
the surface area) are limiting parameters to ensure the efficiency of a 3D system for the 
treatment of wastewater. 
7.2. Introduction 
It has been recognized that efficiency of a conventional electrochemical system for 
wastewater treatment can be substantially improved by the use of a bed material inside 
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the reactor (i.e., 3D electrochemical system) (Hussain et al. 2014, Zhang et al. 2013, Zhu 
et al. 2011). The electric field applied through the bed material in the 3D configuration can 
induce the polarization of the particles. Particles are respectively brought into positive and 
negative charges by electrostatic interaction and they can act as an independent electrode 
(i.e., third electrode) and electrochemical reactions can take place on the surface of each 
particle degrading the pollutants by direct and indirect electrochemical oxidation (Xiao and 
Zhang 2016, Yasri et al. 2015, Zhang et al. 2013).  
AC has been preferred as a bed material in 3D electrochemical systems due to its 
high adsorption capacity and specific surface area, its low cost and the possibility of being 
electrochemically regenerated when it is placed in the middle of an electric field (Brown et 
al. 2004b, García-Otón et al. 2005, Narbaitz and Cen 1994, Narbaitz and Karimi‐Jashni 
2008, Zhang et al. 2013, Zhang 2002, Zhang et al. 2002, Zhou and Lei 2006b). When 
GAC is used as a bed material in a 3D electrochemical system for the treatment of 
contaminated water, it enables the simultaneous adsorption of pollutants onto its surface 
and their electrochemical oxidation on the anode surface. However, when a current is 
applied through the bed material, synergies between adsorption and electrochemical 
oxidation have demonstrated an enhancement in the performance of the treatment 
compared to these two processes operating separately (Wang and Zhao 2010, Zhang et 
al. 2013, Zhou and Lei 2006a, Zhu et al. 2011). It has been reported that when GAC is 
polarized in a 3D electrochemical system its polarization can induce the occurrence of 
other processes besides adsorption on its surface, such as electrosorption (Ban et al. 
1998, Hazourli et al. 1996, Plaisance et al. 1996, Zhang et al. 2013), direct and indirect 
electrochemical oxidation (Wang and Zhao 2010, Zhang et al. 2013, Zhu et al. 2011) and 
the production of hydroxyl radicals (•OH) by catalytic decomposition of electrochemically 
formed H2O2 (Lücking et al. 1998, Zhang et al. 2013, Zhou and Lei 2006a, Zhou and Lei 
2006b, Zhu et al. 2011). Furthermore, polarized GAC in the 3D system can be regenerated 
by the desorption of the adsorbed pollutants due to the occurrence of electrically repulsive 
forces and variations in the pH in the proximity of the particles (Ania and Béguin 2008, 
Narbaitz and Cen 1994), and also by the generation of reactive oxygen species (ROS) on 
its surface that not only promote the electrochemical degradation of the pollutants present 
in the solution, but also can degrade the adsorbed pollutants in-situ (Mohammed et al. 
2011, Narbaitz and Cen 1994, Narbaitz and Karimi‐Jashni 2008, Zhang 2002, Zhang et al. 
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2002), contributing to the electrochemical regeneration of the GAC thus avoiding its 
saturation and increasing its lifetime. 
However, as the high porosity of the GAC and its low conductivity can affect the 
efficiency of the regeneration process (Brown et al. 2004b), and the adsorption capacity of 
the material is limited by mass transfer when treating low concentrations of pollutants 
(Narbaitz and Cen 1994), some researchers have preferred the use of non-porous 
graphite-based adsorbents combined with electrochemical oxidation in 3D systems (Brown 
et al. 2004a, Hussain et al. 2013c, Hussain et al. 2016, Liu et al. 2016, Mohammed et al. 
2011). Despite these materials present low adsorption capacities due to their non-porous 
configuration, they have showed to effectively remove a wide range of pollutants from 
wastewater such as chlorinated compounds (Brown and Roberts 2007), atrazine (Brown et 
al. 2004a), organic dyes (Asghar et al. 2013, Brown et al. 2004b, Liu et al. 2016, 
Mohammed et al. 2011), and phenolic compounds (Hussain et al. 2013a, Hussain et al. 
2013c).  
The objective of this study is to evaluate the removal capacity of COD, TOC, 
turbidity and colour and the energy efficiency of a 3D electrochemical system using GAC 
or GG as a filling material for the treatment of SGW. GG has been chosen in order to 
minimise the adsorption and catalytic effects of the GAC and to determine the 
electrochemical oxidation capacity of the bed material acting as a third electrode. Results 
have been compared with the treatment of this effluent by adsorption onto GAC, GG and 
electrochemical oxidation separately. 
7.3. Materials and methods 
Five consecutive seven-hour experiments were performed using the reactor under 
three different configurations and two different bed materials (ADS system), (i) 
experiments with 3D reactor in open circuit (i.e., no current applied) (GAC and GG 
systems), (ii) experiments with 2D reactor using a BDD anode (i.e., only electrochemical 
oxidation) (2D system), and (iii) experiments with 3D reactor with applied current (3D 
system). GG EC-100 has been purchased from Graphite Saled Inc. (Ohio, USA), while 
GAC Activarb GC 1200 has been obtained from Activated Carbon Technologies Pty Ltd 
(Victoria, Australia). 
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SGW has been characterized (Chapter 4 Section 4.1 Table 8) and was treated in 
each configuration following the procedures described in Sections 4.2 and 4.3 (Chapter 4). 
Desorption experiment were performed with the GAC and the GG used in the GAC 
and 3D configurations following the procedure described in the Section 4.4 (Chapter 4). 
TOC, COD, turbidity and colour were measured following the analytic procedures 
described in Section 4.7 (Chapter 4). 
7.4. Results and discussion 
7.4.1. Characterization of simulated greywater 
Results of the characterization of SGW are summarized in the Chapter 4 Section 
4.1 Table 8. 
7.4.2. Treatment of simulated greywater by adsorption and electrochemical 
oxidation in a three-dimensional electrochemical system using granular activated 
carbon and granular graphite as a bed material 
The obtained results of the removal capacity of COD, TOC, turbidity and colour 
under the 5 consecutive experiments are represented in Figure 20. 
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Figure 20. Removal efficiency of COD, TOC, turbidity and colour in the three different reactor 
configurations (ADS, 2D and 3D systems) using GAC or GG as a bed material. 
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It can be observed from Figure 20 that regardless of the bed material used (i.e., 
GAC or GG), the removal capacity of COD, TOC and turbidity when treating SGW in the 
3D electrochemical configuration is considerably higher compared to electrochemical 
oxidation in a 2D system. When GAC is used as a bed material, the removal achieved by 
the 3D system is up to 2.4, 3.3, and 2.6 times higher respectively. Same tendency was 
reported by Can et al. (2014), who showed that the performance of a 2D electrochemical 
oxidation system for the treatment of secondary effluent increased from 20% to 50% (COD 
removal) when adding GAC as a bed material (Can et al. 2014). Removal of p-nitrophenol 
in a 3D system was 3.4 times higher in a 3D system using GAC compared to conventional 
electrochemical oxidation (Zhou and Lei 2006a). Misra et al. (2009) reported that the 
removal of COD by electrochemical oxidation when treating landfill leachate was 28.6% 
and 78.2% in a 3D and in a 3D configuration using GAC as a bed material, respectively 
(Misra et al. 2009). While, when substituting GAC by GG, the adsorption capacity 
decreases considerably, the removal capacity of the 3D system is still higher than using 
the 2D configuration, 1.6, 1.5, and 1.7 times higher when compared to the performance of 
the 2D system. According to the results presented in Chapter 5 Sections 5.4.2 and 5.4.3, 
the enhanced performance of the 3D system is related to the electrosorption that can 
occur on the bed material, but also it can act as a third electrode and electrochemical 
oxidation reactions and catalysis can favour the production of ROS onto its surface, 
particularly •OH radicals, that can degrade the pollutants present in the SGW (Kong et al. 
2006, Lücking et al. 1998, Polcaro et al. 2000, Yasri et al. 2015, Zhang et al. 2013, Zhou 
and Lei 2006a, Zhou and Lei 2006b).  
The surface of the GAC (> 700 m2 g-1) is considerably higher, than GG (0.6-1.0 m2 
g-1) (Cullum 2014, Hussain et al. 2013c, Wang and Yoshio 2006). Therefore, adsorption 
capacity of GG is expected to be considerably lower compared to GAC. It can be seen 
from the results that when using GAC as a bed material, the adsorption capacities (GAC 
system) of COD, TOC, turbidity and colour are 67.6±1.9%, 71.4±4.9%, 57.9±9.8% and 
60.0±6.3% respectively, while using GG obtained values are 3.0, 2.8, 1.8, and 3.1 times 
lower respectively compared to GAC. Same tendency is observed in the 3D 
electrochemical configuration. While using GAC as a bed material, the removal capacities 
achieved by the 3D configuration (with applied current) increase from 79.5% to 86.0%, 
from 84.3% to 85.5%, from 54.6% to 88.1%, and from 87.8% to 100% for COD, TOC, 
turbidity and colour respectively, however, the removal efficiencies obtained decrease to 
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46.5±7.6%, 34.3±4.2%, 49.6±5.4% for COD, TOC, and turbidity when substituting GAC by 
GG, and colour removal is observed to decrease over the five consecutive runs from 
48.1±3.0% to (-1249)±103% in the last trial. Same tendency was reported by Bashir et al., 
(2009) when using graphite as anode material for the electrochemical oxidation of landfill 
leachate. They demonstrated that colour intensity in the treated samples can increase due 
to the corrosion of the electrode when decreasing the COD of the influent or increasing the 
applied current density, which indicated the combustion of the graphite anode (Bashir et al. 
2009). Thus, colour formation over the consecutive trials in this study suggests that GG 
bed is being oxidized in the 3D electrochemical oxidation system. It has been reported that 
carbonaceous materials can be oxidized when a current is applied through the material. 
Carbon in the bed material can be oxidized affecting the physical (i.e., micropore) and 
chemical (i.e., active functional groups) characteristics of the bed material, thus deceasing 
its surface area and decreasing the adsorption capacity (Narbaitz and Cen 1994, Wang 
and Balasubramanian 2009). Garcia-Oton et al. (2005) showed that the oxygen functional 
groups on the surface of GAC evolve to CO and CO2 when applying a potential of 2.0 V 
(vs. RHE) for 3 h in 0.5 M NaOH (García-Otón et al. 2005). Rao et al. (2009) detected 
erosion in the GAC particles used in a 3D system for the treatment of landfill leachate after 
operating it for 6 h at a cell potential of 5.90 V (Nageswara Rao et al. 2009). 
Electrochemical erosion of the GAC as a bed material in a 3D system for the treatment of 
landfill leachate has also been described by Gedam and Rao (2014), who demonstrated 
that the degradation of the bed material increases with the applied current (Gedam and 
Neti 2014).  
It has been previously reported that graphite electrodes can easily react with 
electrochemically produced oxygen forming CO and CO2, resulting in its corrosion (Liu et 
al. 2017). In addition, according to results presented in Chapter 5 Sections 5.4.2 and 5.4.3 
and Chapters 6 Sections 6.4.2 and 6.4.3, electrochemical oxidation reactions can occur at 
the surface of the polarized bed material in a 3D electrochemical oxidation system. The 
bed can act as a third electrode and ROS can be electrochemically produced onto its 
surface. Conductivity of graphite is within the range 106.5-197.0 S m-1 (Celzard et al. 
2002), which is 1000 times greater that the GAC (0.418 S m-1) (Gamby et al. 2001). This 
property favours the transference of electrons through the GG compared to GAC, which 
may promote the occurrence of a major number of electrochemical oxidation reactions on 
the surface of the GG (Brown et al. 2004a, Brown et al. 2004b). However, as the BET 
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(Brunauer-Emmett-Teller) surface of the GG is 700 times lower than the GAC, the 
obtained results suggest that electrochemical reactions leading the production of ROS 
species will be distributed in a lower space when using GG in the 3D configuration, which 
incurs in an accumulation of oxidant species on the surface of the bed material. Therefore, 
the transference of pollutants towards the surface of the bed material when using GG may 
limit their oxidation onto its surface and the excess of produced ROS could react with the 
bed material, oxidising it and favouring the colour formation in the effluent, thus decreasing 
the efficiency of the treatment process. In Figure 20 it can be observed negative colour 
removal when GG is used in the 3D system. Colour formation during these experiments is 
likely due to the electrochemical oxidation of the graphite bed through electrochemical 
ROS produced in the system at the applied cell potential (12 V). It has been previously 
reported that, when a current is applied in excess, the ROS produced in the 3D 
electrochemical oxidation system can contribute to the corrosion of the bed material rather 
than oxidise the pollutants present in the bulk solution, affecting its physico-chemical 
properties (i.e., adsorption capacity) and favouring its attrition (Narbaitz and Cen 1994, 
Wang and Balasubramanian 2009). This effect can increase with the applied current 
density and decreasing the concentration of pollutants in the influent (García-Otón et al. 
2005, Narbaitz and Cen 1994, Wang and Balasubramanian 2009).  
7.4.3. Kinetic constants and synergy values 
The removal rates of COD and TOC were estimated using the linear regression 
first-order decay model fit to the data (Equation 11 in Chapter 5 Section 5.4.2), with 
coefficients R2 ≥ 0.9 for the treatment of SGW in the ADS (k1), 2D (k2), and 3D (k3) 
systems using two different bed materials (i.e., GAC and GG) (Figure 21).  
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Figure 21. Apparent removal rate constants (h
-1
) for COD and TOC removal when treating SGW 
using GAC (A) and (C) or GG (B) and (D) as a bed material in the ADS and 3D systems. 
It can be seen from Figure 21 that kinetic constants for the removal of COD and 
TOC when treating SGW using GG as a bed material (i.e., in the ADS and 3D systems) 
are considerably lower compared to the use of GAC. While k1 (ADS system) and k3 (3D 
system) for COD removal using GAC decrease during the five consecutive experiments 
from 0.29 h-1 to 0.17 h-1 and from 0.45 h-1 to 0.27 h-1 respectively, when GG is used as a 
bed material, obtained values of k1 and k3 are even lower, decreasing from 0.08 h
-1 to 0.04 
h-1 and from 0.06 h-1 to 0.04 h-1 respectively. Same tendency is observed for the kinetic 
constants obtained for the removal of TOC, where k1 and k3 are up to 5.6 and 4.3 times 
higher for GAC compared to GG. It has been reported in Chapter 5 Section 5.4.2, that 
adsorption is a fast process that leads the removal of pollutants at the beginning of the 
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treatment when using GAC in the 3D system, while electrochemical oxidation of pollutants 
is a continuous process that degrades the contaminants present in the bulk solution and 
the adsorbed pollutants in the bed material causing its regeneration. Therefore, as the 
surface area of the GG is considerably smaller (700 times) than GAC, the adsorption 
capacity of this material is expected to be smaller, as it can be seen from the lower kinetic 
parameters presented by the GG in the ADS system (k1).  
In a 3D electrochemical configuration, it has been reported that greater kinetic 
values can be achieved when using GAC with higher porosity for the treatment of landfill 
leachate, due to a greater availability of active sites, thus increasing the generation rates 
of ROS species on its surface (Nageswara Rao et al. 2009). This is in accordance with the 
values obtained for the kinetic constants in the 3D system using GG, which are 
considerably lower compared to the use of GAC. However, the higher conductivity of the 
GG may favour the occurrence of electrochemical reactions onto its surface when it is 
polarized, (Brown et al. 2004a, Brown et al. 2004b). As graphite electrodes have been 
reported to present a low mechanical strength, the electrochemically produced ROS 
species can react with the graphite resulting in its corrosion (Liu et al. 2017). Therefore, 
the lower values obtained for the kinetic constant in the 3D system (k3) using GG for the 
treatment of SGW also suggest that the produced oxidant species may be reacting with 
the GG rather than oxidising the pollutants. 
Based on these kinetic constants, the synergy between adsorption and 
electrochemical oxidation in a 3D system can be calculated using the Equation 12 
(Chapter 5 Section 5.4.2). Synergy values represent the enhanced effect of the 
combination of adsorption and electrochemical oxidation compared to the performance of 
these two processes separately. Obtained values of synergy for the removal of COD and 
TOC in the 3D system loaded with GAC are positive in the range of 17.83 - 28.07% and 
14.62 – 32.72% respectively, which suggest that other processes besides adsorption and 
electrochemical oxidation are taking place in the 3D system that enhances the treatment 
process such as electrosorption, direct and indirect electrochemical oxidation in the 
surface of the bed material, or catalysis on the surface of the GAC (Kong et al. 2006, 
Lücking et al. 1998, Polcaro et al. 2000, Yasri et al. 2015, Zhang et al. 2013, Zhou and Lei 
2006a, Zhou and Lei 2006b, Zhu et al. 2011). When GAC is substituted by GG in the 3D 
system, due to its physic-chemical properties, the adsorption and catalytic effect onto the 
surface of the bed material can be neglected. Obtained synergy values for the removal of 
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COD and TOC when treating SGW using GG are considerably lower during the first trial, 
but they increase over the five consecutive experiments from 3.98% to 51.73% and from -
9.57% to 31.44% respectively, which suggest that GG is acting as a third electrode when it 
is loaded in a 3D system at an applied current density of 15 A m-2.  
7.4.4. Desorption experiments 
Desorption experiments were performed with the GAC and GG used in the ADS 
and 3D systems for the treatment of SGW after being used during five consecutive trials, 
and are summarized in Table 14.  
Table 14. Desorption results from the GAC and GG used for the treatment of SGW in the ADS and 
3D systems 
Parameter Units GACADS system GAC3D system GGADS system GG3D system 
True Colour mg L-1 Pt-Co 105.8 ± 17.1 48.3 ± 8.7 5.5 ± 1.2 254.7 ± 23.6 
COD soluble mg L-1 14.0 ± 0.8 2.9 ± 0.4 34.6 ± 4.2 42.3 ± 6.6 
TOC soluble mg L-1 6.5 ± 0.4 4.9 ± 0.6 11.9 ± 0.3 14.1 ± 0.7 
TC soluble mg L-1 32.4 ± 1.2 9.9 ± 1.9 15.2 ± 0.1 15.8 ± 1.1 
TIC soluble mg L-1 26.0 ± 1.6 5.0 ± 1.3 3.3 ± 0.3 1.7 ± 0.4 
 
When GAC is used as a bed material to treat SGW in the 3D electrochemical 
configuration, it can be observed that the desorbed colour, COD, TOC, total carbon (TC) 
and total inorganic carbon (TIC) are 45.6%, 20.7%, 75.4%, 30.6%, and 19.2% lower 
respectively, compared to the desorption results obtained from the GAC used in the ADS 
system. The results that are in accordance to what reported by Zhu et al. (2011), 
suggesting the bed material is being electrochemically regenerated (Zhu et al. 2011). 
When the GAC bed is polarized in the 3D system, it can act as a third electrode and 
electrochemical oxidation reactions and catalysis can favour the production of ROS onto 
its surface, particularly •OH radicals, that can degrade the pollutants present in the SGW 
and contribute to the regeneration of the GAC (Kong et al. 2006, Lücking et al. 1998, 
Polcaro et al. 2000, Yasri et al. 2015, Zhang et al. 2013, Zhou and Lei 2006a, Zhou and 
Lei 2006b). However, when comparing the desorption results obtained from the GG when 
it is used as a bed material in the ADS and in the 3D system, desorbed COD, TOC, TC 
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and TIC are very similar, which suggest that the positive synergy obtained when using GG 
in the 3D system is mainly due to electrosorption and GG is not being regenerated in the 
3D system or attrition of the GG particles can be occurring. In addition, despite the surface 
are of the GAC is 700 times greater than GG, it can be seen that desorbed COD and TOC 
from the GG used in the ADS configuration (i.e., only adsorption), 34.6 mg L-1 and 11.9 mg 
L-1 respectively, is higher compared to GAC, 14.0 mg L-1 and 6.5 mg L-1. This results 
suggest that the sonication stage in desorption experiment could be causing that impurities 
on the surface of the GG can be dissolved or attrition of the particles are contributing to 
increasing the COD and TOC in the sample. That also could explain the higher values of 
desorbed COD and TOC from the GG used in the 3D system compared to the GAC in the 
same configuration.  
It can be observed that the desorbed colour from the GG used in the 3D system is 
considerably greater, 46.3 times higher, than the value desorbed when using GG in the 
ADS configuration. According to the values previously presented regarding the colour 
formation over the five consecutive experiments using the 3D system loaded with GG for 
the treatment of SGW, the increased value of colour desorbed from this bed material 
reinforce the hypotheses that GG is being oxidized when a current density of 15 A m-2 (i.e., 
corresponding to a cell potential of 12.0 V) is applied through the bed material. 
7.4.5. Energy consumption 
The energy efficiency of the system is expressed as specific energy consumption 
(ESP) per kg of COD removed, and it has been calculated by applying Equation 13 
(Chapter 5 Section 5.4.5). The electrical energy per order (EEO), defined as the number of 
kWh of electrical energy required to reduce the concentration of a pollutant by 1 order of 
magnitude (90%) in 1 m3 of contaminated water is calculated using the Equation 14 
(Chapter 5 Section 5.4.5). 
ESP and EEO have been calculated for the 2D system and for the 3D electrochemical 
configuration using GAC and GG as a bed material for the treatment of SGW at 15 A m-2. 
The results are summarized in Table 15.  
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Table 15. Performance parameters related to energy consumption in the 2D and 3D electrochemical 
configurations for the treatment of SGW using GAC or GG as a bed material 
Parameter 2D system 3D systemGAC 3D systemGG 
VANODE vs. SHE (V) 3.8 ± 0.1 3.8 ± 0.1 3.8 ± 0.1 
VCELL (V) 8.1 ± 0.1 13.3 ± 0.6 12.0 ± 0.9 
ESP (kWh kg COD
-1) 45.9 ± 5.6 30.2 ± 1.2 57.6 ± 5.1 
EEO (kWh m
-3 order COD-1) 23.1 ± 3.0 10.5 ± 1.0 25.9 ± 2.4 
 
It can be seen from Table 15 that when introducing GAC as a bed material in a 3D 
electrochemical oxidation system, despite the cell potential increase from 8.1 V to 13.3 V, 
the energy required to oxidise the COD present in the SGW decrease from 45.9 kWh kg 
COD-1 to 30.2 kWh kg COD-1, and from 23.1 kWh m-3 order COD-1 to 10.5 kWh m-3 order 
COD-1 for ESP and EEO respectively. The results show the increase in the energy efficiency 
when adding GAC as a bed material in a 2D electrochemical configuration for the 
treatment of SGW. Same effect has been reported by Can et al. (2014). They showed that 
energy consumed by a 2D electrochemical system for the treatment of secondary effluent 
during 60 min at a current density of 50 A m-2 decreased from 300 kWh kg COD-1 to 180 
kWh kg COD-1 when adding a bed of GAC between the electrodes (Can et al. 2014). The 
energy consumed by a 3D electrochemical oxidation system using GAC as a bed material 
was 22% lower compared to the operation of a conventional 2D electrochemical oxidation 
system for the treatment of Reactive Black B from aqueous solutions (Sowmiya et al. 
2016). Misra et al. (2009) also reported a lower energy dependence for COD removal of 
the 3D configuration compared to a conventional 2D system for the treatment of landfill 
leachate (Misra et al. 2009). The presence of a bed material inside the reactor decrease 
the mass transfer limitations as more surface area is available for the electrochemical 
oxidation of pollutants, and enhance the electrochemical production of oxidant species, 
decreasing the overall energy consumption of the treatment (Can et al. 2014, Hussain et 
al. 2014, Neti and Misra 2012, Wei et al. 2010, Zhang et al. 2013, Zhu et al. 2011).  
However, the contrary tendency is observed when GG is added as a bed material in 
the 3D electrochemical system. The energy consumption per unit of COD removed, ESP 
and EEO, increase to 57.6 kWh kg COD
-1 and 25.9 kWh m-3 order COD-1, 1.9 and 2.5 times 
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higher than using GAC. As GAC present a greater surface area than GG (over 700 times 
higher), the presence of active sites increases using GAC compared to GG in a 3D 
electrochemical system. Rao et al. (2009) showed that when increasing the surface area 
of the bed material in a 3D electrochemical oxidation system, the removal capacity and the 
energy efficiency of the system increased with the porosity of the material due to the 
presence of more active sites (Nageswara Rao et al. 2009). Gedam and Neti (2014) also 
reported an increase in the energy consumed by a 3D system from 6.6 kWh kg COD-1 to 
28.7 kWh kg COD-1 when surface area decrease from 1100 m2 g-1 to 600 m2 g-1 (Gedam 
and Neti 2014). Therefore, materials with higher surface area are beneficial in a 3D 
electrochemical oxidation system, as increasing the surface area of the bed material 
increases the performance of the electrochemical oxidation process. 
In addition, it can be seen from the results of the colour formation when using GG 
as a bed material in the 3D system for the treatment of SGW, that it may be oxidized by 
ROS and the oxygen produced as a side reaction onto its surface when a current density 
of 15 A m-2 is applied through the particles. Therefore, part of the applied energy is 
causing the oxidation of the bed material rather than oxidise the pollutants in the solution, 
decreasing the energy efficiency of the 3D system even below the performance obtained 
for the 2D electrochemical configuration. It has been previously explained in Chapter 6 
Section 6.4.5, that an excess in the applied current density can contribute to the corrosion 
of the bed material in the 3D system (Bashir et al. 2009, García-Otón et al. 2005, Narbaitz 
and Cen 1994, Wang and Balasubramanian 2009). The energy efficiency of the 
electrochemical treatment process may decrease as (1) part of current is used in side 
reactions for the production of oxygen in the surface of the bed material that that can 
oxidise it to CO and CO2 (Liu et al. 2017), but also (2) it can be suggested that an 
enhanced generation of ROS in the surface of the graphite, favoured by its higher 
electrical conductivity (Brown et al. 2004a, Brown et al. 2004b), that are distributed in a 
smaller surface area (700 times lower than GAC) can promote the mass transfer limitation 
of the pollutants to the surface of the bed material and the oxidation of its surface due to 
the excess of generated ROS. 
7.5. Conclusions 
Compared to the removal capacity of COD, TOC and turbidity using the 2D 
electrochemical configuration for the treatment of SGW, 35.9%, 25.9% and 33.6% 
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respectively, when GAC is introduced as a bed material (3D system), the removal capacity 
achieved increases to up to 2.4, and 3.3 times higher respectively. However, while GG 
presents a surface area considerably lower (0.6-1.0 m2 g-1) than GAC (> 700 m2 g-1), thus 
its adsorption capacity decreases 3.0, 2.8 and 1.8, times respectively compared to GAC, 
the removal capacity of the 3D system using GG filling is still higher than using the 2D 
configuration, 1.6, 1.5, and 1.7 times higher respectively. Same effect can be observed for 
the obtained values of the kinetic constants k1 (GAC system) and k3 (3D system), when 
GG is used as a bed material in the ADS and in the 3D systems, they are considerably 
lower than for GAC due to the decrease in the availability of active sites. 
The synergy values obtained for the removal of COD and TOC in the 3D system 
loaded with GAC are positive in the range of 17.83 - 28.07% and 14.62 – 32.72% 
respectively, suggesting that electrosorption, direct and indirect electrochemical oxidation 
in the surface of the bed material, or catalysis on the surface of the GAC are enhancing 
the performance of the 3D system compared to the 2D configuration. When GAC is 
substituted by GG in the 3D system, due to its lower surface area, the adsorption and 
catalytic effect onto its surface can be neglected. Obtained synergy values using GG 
instead of GAC increase over the five consecutive experiments from 3.98% to 51.73% and 
from -9.57% to 31.44% respectively, which suggest that GG is acting as well as a third 
electrode when it is polarized at an applied current density of 15 A m-2.  
Despite desorption results obtained from the GAC used in the ADS and 3D systems 
suggest that GAC is being electrochemically regenerated, same tendency is not observed 
for GG, as the COD and TOC desorbed from this bed material is similar regardless the 
application of a current density through the bed material, and higher than the desorption 
values obtained for the GAC used in the 3D system. The results suggest that the positive 
synergy obtained when using GG in the 3D system is mainly due to electrosorption and 
GG is not being regenerated in the 3D system, or attrition of the GG particles in the 3D 
system or during the sonication stage in the desorption procedure are affecting the 
measure of dissolved COD and TOC desorbed from its surface. 
It can be seen that when GG is used in the 3D system, colour formation is detected 
and increase over the five consecutive experiments. In addition, desorbed colour from the 
GG used in the 3D system is 254.7 mg L-1 Pt-Co, 46.3 times higher compared to the GG 
used in the GAC configuration. These results suggest that the GG is being burned out 
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when a current of 15 A m-2 is applied through the bed material. It can be hypothesized 
from the results that oxidation of GG can be caused (1) by oxygen produced as a side 
reaction on the surface of the bed material in the 3D system or (2) electrochemically 
generated ROS on the anode surface or on the surface of the bed material when it is 
polarized and acts as a third electrode. As the conductivity of the GG is considerably 
higher than the GAC (1000 times), electrochemical oxidation reactions can be favoured 
onto its surface, however, as the BET surface area of the GG is over 700 times lower than 
GAC, electrochemical oxidation reactions are distributed in a smaller space, which may 
incur in an accumulation of oxidant species on the surface of the bed material. Therefore, 
the transference of pollutants towards the surface of the bed material when using GG may 
limit their oxidation onto its surface and the excess of produced ROS could react with the 
bed material.  
The energy efficiency of the 2D electrochemical oxidation system is improved when 
GAC is filled between the electrodes as the energy consumption, ESP and EEO, decrease 
from 45.9 kWh kg COD-1 to 30.2 kWh kg COD-1, and from 23.1 kWh m-3 order COD-1 to 
10.5 kWh m-3 order COD-1 respectively. The presence of a bed material in a 3D system 
has been reported to decrease the mass transfer limitations and increase the production of 
ROS that can degrade the pollutants in the SGW. However, when GAC is substituted by 
GG, the contrary tendency is observed, and the energy consumed, ESP and EEO, 1.9 and 
2.5 times higher respectively than using GAC, and it is in the same range than the energy 
consumed by the 2D system. As it can be seen from the results that showed the colour 
formation in the 3D system using GG as a bed material, graphite is being oxidized, and the 
energy efficiency decrease as part of the current may be used in side reactions for the 
production of oxygen that can react with the bed material to produce CO and CO2, but also 
electrochemically generated ROS onto its surface can react with the graphite rather than 
with the pollutants in the bulk solution, decreasing the energy efficiency of the 
electrochemical oxidation process. 
Therefore, this study demonstrated that the conductivity and surface area of the bed 
material can be affecting the performance of the 3D electrochemical system when treating 
wastewater. Higher values of conductivity may favour the electrochemical production of 
ROS on the surface of the bed material, however when the surface area of the material is 
low, it can cause the accumulation of ROS that oxidise the bed material, thus bed 
materials with greater surface area may be beneficial in a 3D electrochemical oxidation 
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system. High mechanical strength and the stability of the material must be also considered 
as important parameters when selecting an appropriate filling for a 3D electrochemical 
configuration for the treatment of wastewater. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
105 
 
8. EVALUATION OF THE REGENERATION OF GRANULAR 
ACTIVATED CARBON IN A THREE-DIMENSIONAL ELECTROCHEMICAL 
SYSTEM TREATING SIMULATED GREYWATER 
8.1. Abstract 
Electrochemical oxidation technologies have demonstrated potential to be 
implemented not only for the treatment of contaminated water, but also for the 
regeneration of saturated activated carbon (AC). In this study granular activated carbon 
(GAC) has been previously saturated with simulated greywater (SGW) and it has been 
used as a bed material in a three-dimensional (3D) electrochemical oxidation system to 
treat SGW and to simultaneously demonstrate the regeneration of the bed material. 
Results have been compared to the performance obtained using electrochemical oxidation 
and adsorption onto saturated GAC separately. The removal capacities of chemical 
oxygen demand (COD), total organic carbon (TOC), turbidity and colour achieved by the 
3D system treating SGW are considerably higher than the values obtained by the other 
two configurations (i.e., two-dimensional (2D) system and GAC system). Furthermore they 
increase from 49.4% to 66.4%, from 43.3% to 65.0%, from 52.2% to 59.3% and from 
40.3% to 48.9%, respectively during 31 consecutive runs. Same tendency has been 
observed when operating the 3D system in open circuit (only adsorption), which indicates 
that GAC is being regenerated in the 3D system when treating SGW, increasing the 
number of active sites on its surface, and improving the performance of the 3D system 
over the consecutive runs. Results obtained from kinetic parameters showed that 
electrochemical regeneration occurs by desorption of adsorbed pollutants and the 
generation of reactive oxygen species (ROS) on the surface of the GAC that can degrade 
the pollutants in-situ. In addition, the specific energy consumption (ESP) and the electrical 
energy per order of COD removed (EEO) of the 3D system, decrease over the consecutive 
runs to 1.2 and 1.5 times below respectively compared to the 2D configuration indicating 
that the 3D system is more efficient than 2D electrochemical oxidation and efficiency 
improves with the regeneration of the saturated GAC over the consecutive runs.  
8.2. Introduction 
The use of GAC for the treatment of wastewater is a widely preferred method due to 
its high removal efficiency and adsorption kinetics, and the high surface area due to its 
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porosity. The adsorption capacity of the GAC depends on the specific surface area, 
porosity and the functional groups present on its surface (García-Otón et al. 2005, Wang 
and Balasubramanian 2009). However, adsorption onto AC does not constitute a complete 
method for the removal of pollutants as they are being transferred from the water to the 
GAC surface but they are not being degraded. In addition, according to the results 
presented in Chapter 5 Section 5.4.3, adsorption is not an effective method for water 
disinfection (Matsushita et al. 2013). 
When GAC is saturated, it is generally discarded in landfill or incinerated (Brown et 
al. 2004a). Leaching from the disposed GAC constitutes a major environmental issue as it 
contributes to the pollution of soils and groundwater (EPA 2017). In addition, it has been 
reported that the cost of replacing the GAC at industrial scale can be up to four times 
higher than the costs associated to the regeneration of the material by thermal process 
(Adams and Clark 1989, Clark and Lykins 1989). Therefore, to make the use of GAC 
economically feasible and sustainable at large scale, saturated GAC regeneration is 
typically preferred over its disposal (García-Otón et al. 2005). Thermal regeneration of 
GAC is the most common alternative used at industrial scale. It involves a pyrolytic and 
oxidative stage, where saturated GAC is exposed to temperatures over 900ºC (Brown et 
al. 2004a, Narbaitz and Cen 1994, San Miguel et al. 2002). Regeneration efficiencies of 
this process are above 90%, however, it is a high energy consuming process (5.6-13.9 x 
106 J kg C-1) (Liu and Wagner 1985). It is characterized by a 10-20% of material losses 
due to carbon burn-off and attrition, and the degradation of the adsorption capacity of the 
material, as changes in both the surface chemistry and porosity of the GAC occurs at the 
oxidative conditions of the thermal process (Brown et al. 2004a, Brown et al. 2004b, 
García-Otón et al. 2005, Narbaitz and Karimi‐Jashni 2008, Streat and Horner 2000, Zhang 
et al. 2013, Zhang 2002). Furthermore, the saturated material need to be transported long 
distances to the regeneration plant, which will result in an increase in the process costs 
(Zhang 2002). Chemical regeneration is also commonly used. The GAC can be 
regenerated in-situ by solvent extraction and wet oxidation. Despite the material loss using 
this process is negligible, it has associated high operational costs and the loss of 
adsorption capacity of the GAC (10-15%) due to the residual solvent that remains blocking 
the pores of the material, thus regeneration efficiencies achieved using this method are 
below 70% (García-Otón et al. 2005, Zhang 2002).  
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Electrochemical regeneration of saturated GAC has gained great attention in recent 
years due to the characteristics of the process that make it suitable for its implementation, 
such as in-situ regeneration of the GAC, minimal GAC losses, operation at ambient 
temperature and pressure, no need of chemical addition, does not produce any sludge or 
liquid waste stream, and the versatility of the process to be easily adapted to different 
treatment requirements (Mohammed et al. 2011, Narbaitz and Cen 1994, Narbaitz and 
Karimi‐Jashni 2008, Zhang 2002, Zhang et al. 2002). Preliminary cost calculations by 
Narbaitz and Cen (1994) showed that the energy requirements for electrochemical 
regeneration are comparable with the conventional thermal process (Narbaitz and Cen 
1994). The electrochemical process can be implemented for the in-situ regeneration of the 
GAC, with minimal material losses and reported efficiencies close to 95% without 
damaging the structural properties and characteristic of carbon (Narbaitz and Cen 1994, 
Narbaitz and Karimi‐Jashni 2008, Wang and Balasubramanian 2009, Zhang 2002, Zhang 
et al. 2002). The mechanisms of electrochemical regeneration of a bed material are not 
fully understood. Some studies suggest that the material can be regenerated by desorption 
of pollutants when GAC is polarized in the electrochemical system (Ania and Béguin 2008, 
Narbaitz and Cen 1994, Wang and Balasubramanian 2009), while electrochemical 
oxidation of the adsorbed pollutants by ROS formed on the surface of the GAC by direct 
and indirect electrochemical oxidation (Liu et al. 2016, Wang and Zhao 2010, Zhang et al. 
2013, Zhu et al. 2011), and/or catalysis in the decomposition of hydrogen peroxide to 
hydroxyl radicals (•OH) has been proposed as well (Lücking et al. 1998, Zhou and Lei 
2006b). The efficiency of the process depends on the applied current density, pH, 
regeneration time, and electrolyte concentration (Zhang et al. 2013). Electrochemical 
regeneration of saturated GAC has been widely reported (Brown et al. 2004a, García-Otón 
et al. 2005, Narbaitz and Cen 1994, Narbaitz and Karimi‐Jashni 2008, Zhang 2002). 
However, the majority of these studies use NaCl as an electrolyte, which enhances the 
electrochemical oxidation process but it also promotes the formation of toxic chlorinated 
by-products (Bergmann and Rollin 2007, Butkovskyi et al. 2013, Fang et al. 2006, 
Martínez-Huitle and Brillas 2008, Patermarakis and Fountoukidis 1990).  
Based on the same advantages that electrochemical regeneration process 
presents, electrochemical oxidation technologies have been effectively used for the 
treatment of wastewater (Cañizares et al. 2004, Chen et al. 2005, Comninellis 1994, Udert 
et al. 2013). The efficiency of a conventional two-dimensional (2D) electrochemical system 
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can be substantially improved by adding a bed material inside the reactor (3D 
electrochemical system) (Hussain et al. 2014, Zhang et al. 2013, Zhu et al. 2011). It has 
been previously reported in Chapter 5 Section 5.4.2, that when GAC is used as a bed 
material in an electrochemical system, pollutants in the wastewater can be removed by 
adsorption and electric-adsorption; but also electrochemical oxidation and electrocatalysis 
can promote the formation of ROS, particularly •OH radicals, on the surface of the 
polarized GAC, that can degrade the adsorbed pollutants leading to an improvement in the 
efficiency of the electrochemical treatment and the regeneration of the GAC in the 3D 
system (Wang and Zhao 2010, Zhang et al. 2013, Zhou and Lei 2006a, Zhu et al. 2011). In 
addition, according to the results presented in Chapter 6 Sections 6.4.2 and 6.4.3, when 
the applied current density and the organic load of the reactor are within an optimal range, 
electrochemical regeneration of the GAC keeps the surface of the bed material in the 3D 
system clean, extending its lifetime and allowing the presence of more active sites that 
enhance the performance of the electrochemical treatment.  
The objective of this study is to evaluate the regeneration capacity of GAC in a 3D 
electrochemical oxidation system during the treatment of SGW. The GAC in the 3D system 
is previously saturated with SGW and its regeneration is evaluated under the operational 
conditions described before (i.e., applied current density of 15 A m-2 and 2 L of SGW 
treated) without the addition of NaCl electrolyte. 
8.3. Materials and methods 
8.3.1. Stage 1. Saturation of the granular activated carbon bed 
Five litres of SGW three-times concentrated was pumped at a flow rate of 20 L h-1 
through the 1 kg of GAC bed. The water was replaced two times per day. The saturation 
capacity of the GAC was determined once per week by analysing a COD sample from the 
influent and the effluent. 
The SGW was previously centrifuged to avoid the accumulation of turbidity that can 
affect the COD measurement, and the bed was shaken daily to avoid the formation of 
“priority channels”. 
When saturating the GAC, is important to avoid the biofilm growing on the surface 
of the material, since it can affect the degradation of the organic matter present in the 
SGW. Therefore, SGC was previously autoclaved to avoid the proliferation of bacteria that 
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can contribute to a biofilm formation on the surface of the GAC. In addition, GAC and 
bottles are also autoclaved once per week. 
8.3.2. Stage 2. Treatment of simulated greywater and regeneration of granular 
activated carbon in the three-dimensional electrochemical system 
31 consecutive seven-hour experiments were performed using the reactor under 
two configurations, (i) GAC system (i.e., no current applied), and (ii) 3D system (i.e., 
combined adsorption and electrochemical oxidation). The GAC used in both configurations 
was previously saturated as described before.  
SGW has been characterized (Chapter 4 Section 4.1 Table 8) and was treated in 
each configuration following the procedures described in Sections 4.2 and 4.3 (Chapter 4). 
Samples during the first run were taken from the GAC system as a control of the 
removal capacity of saturated GAC. This system was run in parallel with the 3D system to 
use the final GAC in desorption experiments. Samples from the 3D system were taken 
during the runs 1, 17, 25 and 30, in close circuit and during the runs 2, 18, 26, 31 in open 
circuit (without current). TOC, COD, turbidity and colour were measured following the 
analytic procedures described in Section 4.7 (Chapter 4). 
Desorption experiment were performed with the GAC used in the GAC and 3D 
systems following the procedure described in the Section 4.4 (Chapter 4) 
8.4. Results and discussion 
8.4.1. Characterization of simulated greywater 
Results of the characterization of SGW are summarized in the Chapter 4 Section 
4.1 Table 8. 
8.4.2. Treatment of simulated greywater by adsorption and electrochemical 
oxidation in a three-dimensional electrochemical system using saturated granular 
activated carbon as a bed material 
The GAC used in the following experiments has been previously saturated with 
SGW. The GAC adsorption capacity for COD removal decreased from 91% to 15% during 
the saturation experiments. Figure 22 represents the results of the removal capacity of 
COD, TOC, turbidity and colour in the 3D electrochemical configuration using saturated 
GAC over 31 consecutive runs. To determine the regeneration efficiency (RE) of the GAC 
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in the 3D system, the reactor has been operated in open circuit (i.e., only adsorption) 
during the runs 2, 18, 26 and 31. GAC system using previously saturated GAC has been 
used as a control to compare the adsorption capacity of the regenerated GAC in the 3D 
system.  
 
Figure 22. Removal capacity of the 2D system and the GAC and the 3D systems using saturated 
GAC as a bed material for the treatment of 2 L of SGW at 15 A m
-2
 over 31 consecutive runs. 
From the results represented in Figure 22 it can be observed that the removal 
capacities of COD, TOC, turbidity and colour achieved by the 2D system were 35.9%, 
25.9%, 33.6% and 11.9% respectively, while in the GAC system using saturated GAC the 
removal achieved were 35.1%, 33.8%, 24.22% and (-16.7)% respectively. The removal 
capacity of COD, TOC, turbidity and colour in the 3D configuration under both operational 
conditions, open and closed circuit, increased over the 31 consecutive runs; in close circuit 
from 49.4% to 66.4%, from 43.3% to 65.0%, from 52.2% to 59.3% and from 40.3% to 
48.9%, respectively; and in open circuit from 27.6% to 42.2%, from 32.1% to 48.3%, from 
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36.4% to 46.9% and from (-42.3)% to 9.5%, respectively. The results obtained from the 
experiments using the 3D system in open circuit suggest that the GAC is being 
regenerated when the system operates in closed circuit. RE can be calculated from the 
adsorption capacities of the GAC used in the 3D system operating in open circuit (i.e., 
Runs 2, 18, 26, and 31), over the consecutive runs using the following equation (Narbaitz 
and Cen 1994, Wang and Balasubramanian 2009). 
𝑅𝐸 =
𝑞𝑚𝑟
𝑞𝑚𝑖
𝑥100%       Equation 17 
Where qmr and qmi (mg g
-1) are the adsorption capacities of the regenerated GAC 
and fresh GAC under the same operational conditions. Calculated RE of the regenerated 
GAC has increased from 42.3% to 52.7%, 58.5% and 64.8% after 1, 17, 25 and 30 runs in 
closed circuit respectively. The results confirm that the GAC in the 3D system is being 
regenerated. As adsorbed pollutants are being removed out from its surface, the number 
of active sites increase promoting the formation of ROS species by electrochemical 
oxidation and catalysis in the surface of the GAC, increasing the adsorption capacity of the 
GAC over the consecutive runs and the performance of the electrochemical oxidation 
process in the 3D configuration. 
In addition, it can be observed that despite the removal capacities of COD and TOC 
in the 3D system operating in closed circuit during the run 1 is 1.4, and 1.3 times higher 
respectively, compared to the GAC system using saturated GAC, when the 3D system is 
operated without applying a current density (open circuit) during the run 2 (after one cycle 
of 3D electrochemical oxidation), removal achieved is 1.3 times lower for COD, and is 
within the same value for TOC removal compared to the GAC system. Furthermore, colour 
is released from the GAC system using saturated GAC (-16.7%), and the same tendency 
is observed when operating the 3D system in open circuit during runs 2, 18 and 26. These 
results suggest that when the current is applied through the saturated GAC during the first 
run, adsorbed pollutants are being desorbed from the surface of the GAC when a current 
density of 15 A m-2 is applied in the 3D system. Electrochemical regeneration of the GAC 
has been widely proposed that occurs by desorption of the adsorbed pollutants when a 
current is applied through the bed material (Ban et al. 1998, García-Otón et al. 2005, 
Narbaitz and Cen 1994, Narbaitz and Karimi‐Jashni 2008, Wang and Balasubramanian 
2009, Zhang 2002). When a bed material is in the middle of an electric field (i.e., 3D 
system) variations of the pH in the proximity of the material can be induced by the 
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polarization of the particles due to the generation of ions such as hydroxyl ions, favouring 
desorption of the adsorbed organics (Ania and Béguin 2008, Narbaitz and Cen 1994). In 
addition, the polarization of the bed material can generate electrically repulsive forces that 
cause the desorption of polarized pollutants (Ania and Béguin 2008). Desorbed 
contaminants can be electrochemically oxidized in the anode surface decreasing its 
concentration in the bulk solution, thus increasing desorption driving force and leading to a 
greater regeneration of the bed material (Brown et al. 2004a, Narbaitz and Cen 1994, 
Narbaitz and Karimi‐Jashni 2008, Zhou and Lei 2006b). Garcia-Oton (2005) reported the 
regeneration of GAC loaded with toluene in a 3D system. Regeneration efficiencies up to 
99% were achieved by desorption of toluene from the GAC, while the toluene desorbed 
into the bulk solution was further oxidized during the electrochemical process (García-Otón 
et al. 2005). Therefore, the regeneration of the GAC in the 3D system occurs during the 
treatment of SGW, decreasing the saturation of the GAC, thus increasing its lifetime and 
the removal capacity of the 3D system over the consecutive trials. 
8.4.3. Kinetic constants and synergy values 
In Figure 23, the kinetic constants for the removal of COD and TOC in the 2D 
system, and the GAC and the 3D systems using saturated GAC as a bed material are 
represented. They were estimated using the linear regression first-order decay model fit to 
the data, with coefficients R2 ≥ 0.9 (Equation 11 in Chapter 5 Section 5.4.2). 
The 3D system operates in closed circuit during the 31 consecutive trials except 
during the run 2, 18, 26 and 31 that in operates in open circuit (only adsorption onto GAC) 
to study the regeneration effect of the saturated GAC in the 3D system by comparing its 
performance with the kinetics of the adsorption process obtained for the removal of COD 
and TOC in the GAC configuration. 
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Figure 23. Apparent removal rate constants (h
-1
) for COD and TOC removal in the 2D system and 
the GAC and the 3D systems using saturated GAC as a bed material for the treatment of 2 L of SGW at 15 A 
m
-2
 over 31 consecutive runs. 
From Figure 23 it can be observed that the kinetic constants for the removal of COD 
and TOC in the 3D system increased over the time 1.8 and 2.7 times respectively when 
operating in closed circuit, and 2.8 and 2.9 times respectively when operating in open 
circuit. The kinetic constants for the removal of COD and TOC in the 3D system operating 
in open circuit during the last run (run 31) are 1.9 and 6.3 times higher respectively than 
the values obtained for the GAC configuration operating with saturated GAC. The 
adsorption capacity of the saturated GAC present in the 3D system increases over the 31 
consecutive trials, indicating that the adsorbed pollutants on its surface are being 
desorbed or degraded. As the GAC in the 3D system is being regenerated, the number of 
active sites where electrochemical oxidation and catalysis can occur increases, improving 
the performance of the electrochemical oxidation process in the 3D system.  
The synergy between adsorption and electrochemical oxidation in a 3D system 
operating in closed circuit can be calculated by applying the obtained kinetic constants 
using the Equation 12 (Chapter 5 Section 5.4.2). Synergy values represent the enhanced 
effect of the combination of adsorption and electrochemical oxidation compared to the 
performance of these two processes separately. The synergies values obtained for the 
removal of COD increase from (-15.97)% to up to 35.74%, and from 21.10% to up to 
70.39% for the TOC removal over the 31 consecutive trials. Positive values of synergy 
indicate that other processes besides adsorption and electrochemical oxidation are taking 
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place in the 3D system that enhances the treatment process such as electrosorption, 
direct and indirect electrochemical oxidation in the surface of the bed material, or catalysis 
on the surface of the GAC (Kong et al. 2006, Lücking et al. 1998, Polcaro et al. 2000, Yasri 
et al. 2015, Zhang et al. 2013, Zhou and Lei 2006a, Zhou and Lei 2006b, Zhu et al. 2011). 
Therefore, the increasing values of the synergy suggested that the occurrence of the 
processes previously mentioned are being favoured over the consecutive runs.  
Despite desorption of the adsorbed pollutants has been described as the main 
mechanism for the electrochemical regeneration of a bed material, regeneration has been 
also demonstrated by electrochemical oxidation of the adsorbed pollutants mediated by 
the attack of ROS species produced in the surface of the bed material (Cañizares et al. 
2004, Hussain et al. 2013c, Liu et al. 2016, Zhu et al. 2011). Liu et al. (2016) achieved the 
electrochemical regeneration of Nyex by direct/indirect oxidation of the adsorbed pollutants 
directly on its surface at a cell potential of 5 V during 1 h (Liu et al. 2016). Hussain et al. 
(2013) demonstrated the electrochemical regeneration of graphite loaded with phenol by 
oxidation of the adsorbed pollutants when applying a current density of 200 A m-2 during 
up to 15 min through the bed material (Hussain et al. 2013c). Thus, the results showed 
that electrochemical oxidation reactions (i.e., direct/indirect electrochemical oxidation, 
catalysis, electrosorption) are occurring on the surface of the polarized GAC in the 3D 
system, promoting the production of ROS that can degrade the adsorbed pollutants and 
contribute to regenerate the bed material. As GAC is being regenerated in the 3D system, 
the active sites on its surface increase, enhancing the occurrence of these reactions and 
the production of more ROS which contribute to improve the kinetics of the treatment 
process of SGW in the 3D system over the consecutive runs. 
8.4.4. Desorption experiments 
Desorption experiments were performed to compare the grade of regeneration of 
the GAC used in the GAC system and the 3D configuration during 31 consecutive trials 
treating 2 L of SGW in each. Table 16 summarises the results obtained from the 
desorption experiments. 
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Table 16. Desorption results from the GAC used for the treatment of SGW in the GAC and the 3D 
systems during 31 consecutive runs 
Parameter Units GACGAC system GAC3D system 
True Colour mg L-1 Pt-Co 13.5 ± 0.3 30.4 ± 0.3 
Turbidity NTU 2593 ± 7 524 ± 7 
COD total mg L-1 11553 ± 18 1946 ± 0 
COD soluble mg L-1 85.3 ± 1.5 120.0 ± 0.0 
TSS g L-1 7.3 ± 0.5 1.2 ± 0.3 
VSS g L-1 6.1 ± 0.4 0.9 ± 0.3 
 
From the desorption results it can be observed that turbidity, total COD, total 
suspended solids (TSS) and volatile suspended solids (VSS) desorbed for the GAC used 
in the GAC configuration during 31 consecutive runs is 4.9, 5.9, 6.1 and 6.8 times higher 
compared to the GAC used in the 3D system, which confirms that GAC used in the 3D 
reactor has been partially regenerated during the treatment of SGW over the trials. 
However, the colour desorbed from the GAC used in the 3D system (30.4 mg L-1 Pt-Co) 
present an opposite tendency and it is higher than the desorbed for the GAC used in the 
GAC configuration (13.5 mg L-1 Pt-Co). According to the results presented in Chapter 6 
Sections 6.4.2 and 6.4.3, colour formation in an electrochemical oxidation system can 
occur from the electrochemical decomposition of mono and polyciclic aromatic 
hydrocarbons present in the greywater (GW) (Mijangos et al. 2006, Narbaitz and Cen 
1994, Shang and Yu 2002). Same tendency is followed by the soluble COD, whose value 
in desorption experiments is higher in the GAC used in the 3D system (120.0 mg L-1) than 
the GAC used in the GAC system (85.3 mg L-1). As can be seen from Figure 24 in the 
GAC system, after 31 trials, the GAC is forming a cake surrounded by undissolved 
pollutants from the SGW. The compaction of the cake favours the retention of dissolved 
pollutants on it, which may explain the obtained values for the COD soluble desorbed. 
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Figure 24. Picture of the GAC bed in the GAC and the 3D system after 31 runs treating 2 L of SGW 
in each run. 
It can be observed from Figure 24 and from the desorption results of TSS and VSS 
in Table 16, where TSS and VSS desorbed from the GAC used in the GAC system are 6.1 
and 6.8 times higher compared to the values obtained for the GAC used in the 3D system, 
that a precipitate is accumulated on the surface of the GAC in the GAC configuration, but 
not in the bed material used in the 3D system. This effect in the GAC system can be 
explained by the presence of anionic and cationic surfactants in SGW as they are 
commonly included in health care products such as soaps, shampoos and conditioners 
(Stellner et al. 1988). They can be adsorbed onto GAC due to electrostatic, and chemical 
forces, amongst others, favoured by the very low ζ-potential on the GAC surface 
(Ananthapadmanabhan and Somasundaran 1985, Xiao et al. 2005). As they are adsorbed, 
they accumulate on the surface of the GAC, which promotes that the ionic monomers 
interact with each other forming micelles that precipitate when its concentration increases 
over a “critical value of micelle concentration” (CMC) (Stellner et al. 1988). However, in the 
3D system this precipitate is not formed, and it can be explained by two reasons: (1) 
according to Khosravanipour (2016), when the GAC is in the middle of the electric field the 
potential of the polarized particles generate repulsion interactions (i.e., electrostatic forces, 
effect of the pH) with the surfactants in the solution that cannot be adsorbed onto the GAC 
(Khosravanipour et al. 2016), (2) based on the positive synergy values obtained it can be 
suggested that despite the generated charge in the particles can favour the adsorption of 
some ionic species (i.e., anionic and cationic surfactants) by electrostatic forces, once 
adsorbed, they can be degraded by electrochemical oxidation in the surface of the GAC, 
thus avoiding their accumulation onto the bed material. Therefore, when a current is 
applied through the GAC in the 3D system, regeneration of the bed material can be 
GACGAC system GAC3D system
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achieved (i.e., by desorption and direct/indirect electrochemical oxidation, catalysis, 
electrosorption of the adsorbed pollutants in the surface of the bed material) and ROS 
species produced in the surface of the anode and the bed material can degrade the 
pollutants in the bulk solution, but also the presence of an electric field through the 
particles avoid the precipitation of surfactants, limiting the clogging of the bed material, and 
increasing its lifetime. 
8.4.5. Energy consumption 
The energy efficiency of the system is expressed as specific energy consumption 
(ESP) per kg of COD removed, and it has been calculated by applying Equation 13 
(Chapter 5 Section 5.4.5). The electrical energy per order (EEO), defined as the number of 
kWh of electrical energy required to reduce the concentration of a pollutant by 1 order of 
magnitude (90%) in 1 m3 of contaminated water is calculated using the Equation 14 
(Chapter 5 Section 5.4.5). 
Table 17 summarizes the energy consumption as ESP and EEO of the 2D system 
and the 3D configuration using saturated GAC as a bed material during the runs 1, 17, 25, 
and 31. 
Table 17. Performance parameters in the 2D and 3D electrochemical configurations for the 
treatment of SGW over 31 consecutive runs 
 
 VANODE VCELL ESP EEO 
 
 V vs. SHE V kWh kg COD-1 kWh m-3 order COD-1 
2D system 3.8 ± 0.1 8.1 ± 0.1 45.9 ± 5.6 23.1 ± 3.0 
3D system 
(using 
saturated GAC) 
Run 1 4.0 ± 0.1 12.1 ± 0.6 51.8 ± 2.5 27.9 ± 1.4 
Run 17 4.1 ± 0.2 14.5 ± 1.6 42.7 ± 4.7 19.6 ± 2.1 
Run 25 3.6 ± 0.2 16.0 ± 1.8 41.0 ± 4.6 16.9 ± 1.9 
Run 30 3.8 ± 0.1 14.8 ± 2.1 37.5 ± 5.3 15.3 ± 2.2 
3D system (using fresh 
GAC) (From Ch.4) 
3.8 ± 0.1 13.3 ± 0.6 30.2 ± 1.2 10.5 ± 1.0 
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From the results it can be seen that during the first run the 3D electrochemical 
oxidation system loaded with saturated GAC as a bed material is less efficient than the 2D 
electrochemical configuration. The energy consumed per unit of COD degraded in the 3D 
system is higher (51.9 kWh kg COD-1 and 28.0 kWh m-3 order COD-1) than the energy 
used by the 2D system (45.9 kWh kg COD-1 and 23.1 kWh m-3 order COD-1). However, the 
energy requirement of the 3D system, ESP and EEO, decrease over the 31 consecutive 
trials until 37.6 kWh kg COD-1 and 15.3 kWh m-3 order COD-1 respectively, approaching 
the values obtained for the 3D system when it was operated using fresh GAC (30.2 kWh 
kg COD-1 and 10.5 kWh m-3 order COD-1 respectively). Obtained values are up to 1.2 and 
1.5 times lower than the treatment of SGW in the 2D system under the same operational 
conditions (i.e., 15 A m-2 and 2 L of SGW treated). Despite the cell potential achieved in 
the 3D system during its operation is up to 2.0 times higher than in the 2D system, the 
energy efficiency of this configuration improves above the energy efficiency observed for 
the 2D system, and it continues increasing over the consecutive runs. These results 
support the hypotheses that the saturated GAC is being regenerated in the 3D system 
improving the efficiency of the treatment of SGW under this configuration over the 2D 
system performance. 
In addition, it has been reported that the RE of the saturated GAC in a 3D 
electrochemical system can increase with the current density and the regeneration time 
(Narbaitz and Cen 1994, Narbaitz and Karimi‐Jashni 2008, Wang and Balasubramanian 
2009). However, in order to avoid the production of side reactions and the decrease in the 
efficiency of the energy applied, it must be in an optimal range to allow the production of 
enough ROS in the surface of the anode and the bed material to regenerate its surface 
and oxidise the pollutants present in the bulk solution (García-Otón et al. 2005, Narbaitz 
and Cen 1994). When increasing in excess the applied current density in the 3D system, 
not only the energy consumption will increase and the efficiency of the treatment process 
can decrease, but also the adsorption capacity of the GAC bed can be affected. An excess 
in current can cause the oxidation on the bed material and destroy the micropore on its 
surface decreasing the effective adsorptive area and affecting negatively the adsorption 
kinetic constants (Cañizares et al. 2004, García-Otón et al. 2005, Narbaitz and Cen 1997, 
Narbaitz and Karimi‐Jashni 2008, Wang and Balasubramanian 2009, Zhou and Lei 
2006b). Zhou and Lei (2006) reported a decrease in the adsorption capacity of the GAC 
from 89.4% to 77.7% after five regeneration cycles using a current density of 40 A m-2 
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during 1.5 h and 5 mg L-1 of NaCl (Zhou and Lei 2006b). Cañizares et al. (2004) described 
the same tendency when the RE decreases from 80% to 63% after 4 regeneration cycles 
applying a current density of 34.7 A m-2 (Cañizares et al. 2004). Therefore, operational 
conditions (i.e., applied current density, regeneration time) must be optimized to achieve 
the regeneration of the bed material optimising the energy consumption and avoiding 
damage on the surface of the bed material that can affect its adsorption capacity (García-
Otón et al. 2005, Narbaitz and Cen 1994, Wang and Balasubramanian 2009). 
8.5. Conclusions 
Electrochemical oxidation technologies have been studied for the removal of a wide 
range of pollutants and microorganisms when applied for the treatment of real and 
simulated wastewater, but also for its potential to be implemented for the regeneration of 
different bed materials. In this study a combination of both processes has been studied 
using a 3D electrochemical oxidation system loaded with saturated GAC for the treatment 
of SGW and simultaneously regenerate the bed material. The results obtained for the 
treatment of SGW have been compared with two other configurations of the reactor, (1) 
electrochemical oxidation (2D system), and (2) adsorption onto saturated GAC (GAC 
system) separately. 
Results obtained for the removal capacities of COD, TOC, turbidity and colour in the 
3D system loaded with saturated GAC are higher compared to the results obtained in the 
2D and GAC configurations (using saturated GAC), suggesting an enhanced performance 
combining adsorption and electrochemical oxidation in one reactor. In addition, obtained 
synergy values are positive and increase over the consecutive runs to values up to 35.7% 
and 70.4% for the removal of COD and TOC respectively. As previously reported in 
Chapter 5 Section 5.4.2 and Chapter 6 Section 6.4.2 and 6.4.3, positive values of synergy 
demonstrated that besides adsorption and electrochemical oxidation, other 
electrochemical reactions such as electrosorption, direct and indirect electrochemical 
oxidation, or catalysis on the surface of the GAC are enhancing the performance of the 3D 
system compared to their superposed operation.  
Furthermore, the removal capacities increase in the 3D system using saturated 
GAC over the 31 consecutive trials, to up to 66.4%, 65.0%, 59.3%, and 48.9%, 
respectively, as well as the kinetic constants for the removal of COD and TOC in the 3D 
system (1.8 and 2.7 times respectively), suggesting that saturated GAC is being 
120 
 
regenerated in the 3D system when a current density of 15 A m-2 is applied through the 
bed material (corresponding to a cell potential between 12.1 and 16.0 V vs. SHE). As GAC 
is regenerated, the number of active sites increase on its surface, enhancing the formation 
of ROS species in the 3D system which improves the removal capacities and kinetics 
during the treatment of SGW over the consecutive runs. 
To further demonstrate the regeneration of the bed material, the 3D system was 
operated in open circuit (only adsorption) during the runs 2, 18, 26 and 31. Obtained 
results showed the same tendency than when operating the system in closed circuit. The 
removal capacities of COD, TOC, turbidity and colour increased over the runs, from 27.6% 
to 42.2%, from 32.1% to 48.3%, from 36.4% to 46.9% and from (-42.3)% to 9.5%, 
respectively, as well as the kinetic constants KCOD and KTOC, 2.8 and 2.9 times 
respectively. These results demonstrate that the GAC is being regenerated in the 3D 
system when simultaneously treating SGW and its adsorption capacity is increasing over 
the consecutive runs. Obtained values of the RE increases from 42.3% to 64.8%, from 
runs 1 to 30 respectively, supporting this hypotheses. The decrease of the COD and TOC 
removal capacities using the regenerated GAC during the run 2 indicate that regeneration 
during the first runs are leaded by desorption of adsorbed pollutants on the surface of the 
GAC. However, the obtained positive values of synergy demonstrate that electrochemical 
oxidation reactions on the surface of the bed material can favour the degradation of 
adsorbed pollutants by ROS species produced in-situ. In addition, desorption results 
demonstrated that when a current of 15 A m-2 is applied through the GAC in the 3D 
system, the presence of an electric field through the particles avoid the precipitation of 
surfactants present in SGW, limiting the clogging of the bed material, and increasing its 
lifetime 
The regeneration of the GAC enhances the performance of the 3D system and the 
energy efficiency of this configuration over the consecutive trials. Despite the cell potential 
achieved in the 3D system during its operation is up to 2.0 times higher than in the 2D 
system, the energy required by this configuration, ESP and EEO, decreases during the 
consecutive runs up to 1.2 and 1.5 times respectively below energy requirement of the 2D 
system. The efficiency of the process depends on the applied current density, pH, 
regeneration time, and electrolyte concentration. When considering the implementation of 
this process, these operational conditions must be optimized to achieve the regeneration 
of the bed material maximizing the energy efficiency (i.e., reducing the occurrence of side 
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reactions, ensuring the production of enough ROS to regenerate the bed material and 
oxidise the pollutants in the bulk solution) and avoiding damage on the surface of the bed 
material that can affect its adsorption capacity. 
Given that electrochemical oxidation of SGW achieve better removal efficiencies in 
a 3D reactor using GAC as a bed material compared to the conventional 2D 
electrochemical processes, and this study demonstrated that the regeneration of the GAC 
in the system when treating SGW can be achieved, this technology constitutes a feasible 
alternative to decentralized treatment of SGW and merits further investigation. 
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9. ECONOMIC ANALYSIS 
9.1. Introduction 
Electrochemical oxidation technologies for the treatment of wastewater have gained 
special attention during the last decades due to the advantages these systems present, as 
they do not need chemicals to degrade the pollutants, are easy to automatize, versatile 
and robust to deal with variations in the composition and the flow rate of the wastewater 
they are treating (Anglada et al. 2009, Radjenovic et al. 2012, Yang et al. 2009). This 
technology is generally designed as compact systems, which favours its implementation 
as decentralized processes when comparing to other technologies such as conventional 
activated sludge systems (Anglada et al. 2009, Radjenovic et al. 2012, Yang et al. 2009). It 
has been reported that this technology is able to degrade a wide range of pollutants, 
particularly persistent micropollutants (i.e., pharmaceuticals, pesticides and DBPs) 
(Frontistis et al. 2011, Nagata et al. 2006, Patermarakis and Fountoukidis 1990, 
Radjenović et al. 2012, Sakakibara et al. 2010, Udert et al. 2013).  
Activated carbon (AC) adsorption has been demonstrated to be also effective and 
relatively cheap, but it constitutes an incomplete process for the removal of micropollutants 
as they are being removed from the water but not degraded (Joss et al. 2008). 
Nanofiltration (NF) and reverse osmosis (RO) are also efficient separation, but not 
degradation, processes and they have as additional drawback a relatively large energy 
consumption. Electrochemical systems to treat micropollutants have shown to have up to 
40 times higher degradation rates than ultraviolet (UV) and photocatalytic processes (i.e., 
Fenton) (Esplugas et al. 2002). Particularly the electrochemical oxidation technology with 
boron-doped diamond (BDD) electrodes has shown higher performance than ozonation 
and Fenton’s reaction for the treatment of strongly polluted (g L-1) water (Cañizares et al. 
2009).  
Electrochemical disinfection, without the addition of chloride (thus avoiding the 
production of toxic disinfection by-products (DBPs)), has also been demonstrated to be 
effective for a wide range of microorganisms (e.g., viruses, bacteria and algae) (Feng et al. 
2004, Gao and Vecitis 2013, Hussain et al. 2014, Jeong et al. 2006, Kraft 2008, Martínez-
Huitle and Brillas 2008). Li et al. (2011) compared the disinfection efficiency of a BDD 
electrochemical system with ozonation, chlorination and monochloramination. They 
demonstrated that disinfection performance was in the order: electrochemical treatment > 
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ozonation > chlorination > monochloramination for the three different microorganisms 
tested (i.e., Escherichia Coli (e. coli), Staphylococcus aureus and Bacillus subtilis) (Li et al. 
2011). Moreover, ozonation present limitations to be built in a small-scale (e.g., 
decentralized systems) and chlorination can generate of toxic DBPs (Lazarova et al. 
1999). 
The performance of a two-dimensional (2D) and a three-dimensional (3D) 
electrochemical oxidation system for the treatment of real greywater (RGW) and simulated 
greywater (SGW) using different current densities and bed materials has been described 
in Chapter 6, Sections 6.4.2 and 6.4.3. It has been proven that combining adsorption with 
granular activated carbon (GAC) and electrochemical oxidation in the same system 
achieves better removal capacity of chemical oxygen demand (COD) and total organic 
carbon (TOC) and superior energy efficiency than the conventional 2D system without 
GAC.  
The main aim of this chapter is to present a preliminary evaluation of the economic 
potential of a 3D electrochemical oxidation system for practical application. The economic 
evaluation has been conducted for the 2D and the 3D systems to compare the results 
based on the capital investment and the operational costs. The effect of the BDD 
production, current density and variation of the electricity prices has been considered, and 
the alternative of linking the electrochemical treatment process to a solar system has been 
also evaluated.  
9.2. Capital costs 
9.2.1. Preliminary considerations 
In Table 18 are summarized the capital investment costs associated to the lab-scale 
reactor used in this project, and the contribution percentage represented by each 
component in the total capital costs of the reactor. As described in Chapter 4 Section 4.2, 
the experiments have been conducted in a flow-through electrochemical cell consisting of 
two polycarbonate frames where the electrodes were placed. The net volume of the 
reactor was 10 x 10 x 3,7 cm. The anode electrode employed was BDD mesh (dimensions 
10 x 10 x 0.13 cm), supplied by Condias (Germany), and stainless steel of the same 
dimensions was used as the cathode electrode (80 μm × 0.050 mm wire diameter). The 
inter-electrode distance was between 3.5 cm. 50 g of GAC with diameter ranging from 2 to 
5 mm (surface area 1000 m2 g-1, density 0.42-0.50 g cm-3) were loaded between the two 
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electrodes as a bed, in a polycarbonate frame (internal dimensions 10 x 10 x 1 cm). It is 
known as the third dimensional electrode.  
The costs represented are based in the quotations obtained when designing and 
building the electrochemical reactor. 
Table 18. Capital investment for lab-scale electrochemical reactor 
Component Description Price (AU$) 
% of Cell 
costs 
BDD mesh 
electrode 
DIACHEM® electrode type 120x120x1,5. 
Niobium Mesh B substrate, dimension 
100x100x1,3 mm. Coated both sides, welded 
into Niobium plate frame 120x10x1,5 mm. with 
connection flag 30x20x1,5 mm (the frame is not 
coated) 
1870 69 
Stainless 
Steel mesh 
electrode 
Dimensions 120x120x1,2 mm Negligible 0 
GAC GAC bed material, 50 g of GAC Negligible 0 
Pipes 
Masterflex PharMed BPT Tubing, L/S #25, 25' 160 6 
Masterflex Tygon E-Food (B-44-4X) tubing, L/S 
16, 50 ft 
100 4 
Pumping 
system 
MONARCH ALLOY 3Phase induction motor 140 5 
Motovario NHRV 030 227 8 
Telemecanique ATV31 H018 M2A 210 8 
Glass 
containers 
4 L amber glass bottle Negligible 0 
 
The system was designed to treat 2 L of RGW recirculated into the reactor during 7 
hours at a flow rate of 35 L h-1 using a pumping system combining a motor (Monarch 
Industries, USA), a reducer (Motovario, Italy) and a manual speed controller 
(Telemecanique, Schneider Electric, France).  
It can be observed from Table 18 that 70% of the capital investment corresponds to 
the BDD anode. When scaling up this system to be implemented at large scale it can be 
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expected that the costs regarding the pumping system will become proportionally smaller 
when increasing the flow rate. Therefore, capital costs of this system will be based on the 
price of the BDD production, which can hinder its applicability as other more economic (but 
less effective) electrode materials or technologies may be preferred. 
Considering that the volume of greywater (GW) (i.e., from the shower/bath basins) 
generated in a house can vary between 30-62 L p-1 d-1 (Morel and Diener 2006), 60 L p-1 
d-1 has been chosen to develop a conservative analysis of the capital investment per 
person. Operating at the same flow rate (35 L h-1), the capital costs of implementing one 
electrochemical reactor, with anode (BDD) size of 1050 cm2 that operates during 20 h to 
treat the GW produced by an individual per day are represented in Table 19. 
Table 19. Capital costs of the electrochemical oxidation system to treat the equivalent GW produced 
per person per day (60 L) 
Treatment time (h) 20 
Size electrode (cm2) 1050 
Number of reactors 1 
BDD price per electrode (AU$) 19630 
Capital costs (AU$ p-1) 28040 
  
Considering that the plant is going to be operating during 25 years, and that the 
GAC and electrodes are going to be replaced every 5 years, the capital costs necessary to 
be invested in the system over the operational years is described in the Figure 25. 
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Figure 25. Capital investment during the lifetime of the electrochemical oxidation system. 
9.2.2. Effect of the boron-doped diamond price production in the capital costs 
of the reactor 
During the last decades, BDD electrode material has attracted the attention of 
numerous researchers due to its properties to be used as anode in electrochemical 
oxidation systems, comparable to materials such as gold and platinum (Martínez-Huitle 
and Brillas 2008, Zhang et al. 2013, Zhu et al. 2011). In addition, BDD electrodes have 
been reported to be very effective in the removal of various persistent organic pollutants 
(Cañizares et al. 2005, Frontistis et al. 2011, Martínez-Huitle and Brillas 2008) due to its 
ability to produce reactive oxygen species (ROS) (Jeong et al. 2009, Martínez-Huitle 2007, 
Polcaro et al. 2007), particularly hydroxyl radicals (•OH) directly on its surface (Lacasa et 
al. 2012, Martinez-Huitle et al. 2015). Based on this, BDD electrodes have been preferred 
in electrochemical applications to process water in industrial plants, air-conditioning 
systems, cooling towers, warm water systems in buildings, amongst others (Martínez-
Huitle and Brillas 2008). However, the high costs associated with the production of this 
material, and consequently its limited application in real-scale systems, is limiting the 
scaling up of electrochemical processes using BDD (Brillas and Martínez-Huitle 2015, 
Souza et al. 2016). 
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The most common technique to produce BDD is by chemical vapour deposition 
(CVD), as it allows a better control of the dopant (i.e., Boron) incorporation, and the 
capacity to produce larger areas of BDD growth on the base substrates such as Si, Ta, Nb 
and W. Depending on the manufacturing conditions (i.e., time, temperature, pressure, gas 
composition) and the subsequent treatment of the electrode, prior to the use in an 
electrochemical system, the properties of the material can vary significantly and thus the 
results obtained by different researchers are also different even when working with 
conceptually the same electrochemical systems (Macpherson 2015). 
The materials used as substrate for BDD production (i.e., Si, Ta, Nb and W) must 
present excellent electrochemical stability (Martínez-Huitle and Brillas 2008). According to 
Chaplin et al. (2011), the approximate stability presented by different substrate materials 
for BDD deposition and operation at a current density of 1 A cm-2 are in the order of: Ta > 
Si > Nb > W >> Ti (Chaplin et al. 2011). In the following table are summarized the prices of 
these substrate materials based on the current market prices (Metalary 2016). 
Table 20. Costs comparison of different substrate materials for BDD deposition (Metalary 2016) 
Material Price (US$ ton-1) 
Tantalum (Ta) $ 128,000 
Niobium (Nb) $ 41,700 
Tungsten (W) $ 35,200 
Titanium (Ti) $ 10,200 
 
It can be seen that when material stability is better, the price is higher. Therefore, 
not only the lack of mechanical stability of deposited BDD (Si), but the high cost of the 
base material (Ta, Nb, W, Ti) are the main limitations for the scale-up and wider 
application of BDD systems. 
In order to address this issue, one alternative is to use other cheaper electrode 
materials (i.e., Titanium oxides, mixed metal oxides (MMO)), however the efficiency of the 
electrochemical process will be affected as these materials are less effective for the 
removal of pollutants compared to BDD. In addition, more research needs to be done on 
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the development of new materials that allow the deposition and stability of a BDD coating 
for its use in electrochemical processes.  
The Figure 26 represents an economic analysis on how capital investment falls if 
the price of the BDD electrode decreases.  
 
Figure 26. Effect of the BDD prices (electrode described in Table 18) in the capital investment of a 
single cell and the percentage represented by the BDD price in the capital costs. 
As the rest of the reactor equipment is considered not to vary in price for this part of 
the study, the slope of the curves for the BDD electrode price and the capital costs will be 
the same. In addition, the percentage represented by the BDD price within the total 
investment costs steady falls until the BDD price is reduced to about half the total reactor 
costs, and then this diminution will become more sharp as the BDD production costs 
continue decreasing. 
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9.3. Operational costs 
9.3.1. Preliminary considerations 
The operational costs analysis performed in this section is based on the 
performance of the 2D and 3D electrochemical systems to treat RGW (Characterization 
summarized in Chapter 4 Section 4.1 Table 8) at a current density of 15 A m-2. According 
to the experimental results previously presented in Chapter 5 Section 5.4.5 Table 10 the 
energy efficiency of the two electrochemical oxidation systems are summarized in the 
table below. 
Table 21. Energy efficiency of the 2D and 3D systems for the treatment of RGW  
Parameter Units Value 
COD in RGW mg L-1 288.1 ± 15.4 
Energy efficiency of 2D system kWh kg COD-1 35.8 ± 1.7 
Energy efficiency of 3D system kWh kg COD-1 27.5 ± 2.9 
 
Assuming an electricity cost of AU$ 0.37 kWh-1 (OVO-ENERGY 2017), the costs to 
treat RGW in a 2D and 3D electrochemical oxidation system can be calculated and the 
results are summarized in the Table 22. 
Table 22. Operational costs of treating RGW in a 2D and 3D electrochemical oxidation system 
Parameter Units 2D system 3D system 
Energy required 
kWh p-1 d-1 0.62 0.48 
kWh m-3 10.31 7.92 
Operational costs 
AU$ p-1 d-1 0.23 0.18 
AU$ kg CODremoved
-1 10.2 13.2 
 
Considering the lifetime of the plant 25 years, the accumulated operational costs of 
the 2D and 3D systems after this operation time can achieve AU$ 2090 p-1 and AU$ 1600 
p-1 respectively (Figure 27). 
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Figure 27. Operational costs accumulated during the lifetime of a 2D and 3D electrochemical 
systems (25 years) for the treatment of the GW produced by one individual (60 L p
-1
 d
-1
). 
9.3.2. Energy consumption of other greywater treatment systems 
Other conventional technologies implemented for the treatment of greywater 
comprise simple processes usually based in two stages, (1) coarse filtration or 
sedimentation to remove large solids, followed by (2) disinfection (Pidou et al. 2007b). The 
costs associated to these systems are generally low as the materials (i.e., sand, activated 
carbon, gravel, chlorine) are relatively cheap and largely available and they generally 
operate by gravity, avoiding the need of pumping systems. However, these systems 
provide only limited treatment of the wastewater. 
Biological systems or membrane separation processes have also being used for the 
treatment of greywater. However, while there are many studies that reported the 
performance of these systems for the treatment of greywater and their limitations, few of 
them provide data regarding energy consumption or operational costs. Reported energy 
consumption for other greywater treatment systems is summarised in the table below 
(Table 23). 
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Table 23. Energy consumption of other systems treating greywater 
Technology 
Removal 
eficiencies 
Energy 
consumption 
References 
Multistage rotary biological 
contractor (RBC)  
+ UV disinfection 
n.a. < 1.5 kWh m-3 (Nolde 2000) 
MBR 
90% COD 
98% turbidity 
4.0 log e. coli 
2.9 kWh m-3 
(Santasmasas et al. 
2013) 
MBR 
95% COD 
100% total 
coliform 
1.7 kWh m-3 (Atasoy et al. 2007) 
MBR (gravity-driven) 
96% COD 
 
0.04 kWh m-3 (Ding et al. 2017) 
MBR 
64% COD 
99% turbidity 
90% colour 
< 1.3 kWh m-3 
(Jabornig and Favero 
2013) 
MBR 
69% COD 
97% turbidity 
87% colour 
< 1.4 kWh m-3 
(Jabornig and 
Podmirseg 2015) 
NF membranes 
90% COD 
98% turbidity 
5.28 log faecal 
coliform 
11.7 kWh m-3 (Hourlier et al. 2010a) 
Tricke bed + UF + UV n.a. 1.46 kWh m-3 (Jabornig 2014) 
MBR n.a. 0.6 – 6.5 kWh m-3 (Jabornig 2014) 
2D electrochemical oxidation  
60% COD 
35% TOC 
37% turbidity 
23% colour 
4.6 log e. coli 
10.31 kWh m-3 This study 
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3D electrochemical oxidation  
81% COD 
77% TOC 
73% turbidity 
75% colour 
5.1 log e. coli 
7.92 kWh m-3 This study 
 
9.3.3. Effect of the current density in the operational costs 
Based on the results presented in Chapter 6 Section 6.4.5 Table 13, regarding the 
performance of the 2D and 3D electrochemical systems for the treatment of SGW at 
different current densities (i.e., 15 and 20 A m-2). The results from the economic analysis 
developed for both systems at these current density values is summarized in the Table 24. 
Table 24. Economic analysis of the performance of the 2D and 3D systems using different current 
densities (i.e., 15 A m
-2 
and 20 A m
-2
) 
  
2D system 3D system 
Parameter Units At 15 A m-2 At 20 A m-2 At 15 A m-2 At 20 A m-2 
COD removal % 18.5 ± 0.9 23.6 ± 2.7 47.9 ± 6.1 49.1 ± 6.0 
Anode potential V 3.8 ± 0.0 4.3 ± 0.1 3.8 ± 0.0 4.0 ± 0.1 
Cell potential V 7.8 ± 0.1 9.8 ± 0.2 12.8 ± 0.7 15.0 ± 0.5 
Energy 
efficiency 
kWh kg COD-1 85.60 112.60 49.80 80.50 
Energy required kWh p-1 d-1 1.48 1.95 0.86 1.39 
Operational 
costs 
AU$ p-1 d-1 0.55 0.72 0.32 0.51 
 
According to the reported values of the energy efficiency of the 2D and 3D systems, 
it can be observed how adding GAC inside the electrochemical oxidation system (i.e., 3D 
system) improves the energy efficiency of the treatment by 1.7 and 1.4 times when using 
15 and 20 A m-2 respectively. As expected, the energy efficiency of the 3D system is 
higher in both cases. The addition of a bed material in the middle of the reactor has been 
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reported to enhance the performance of the system, thus consume less energy for the 
same amount of COD removed (Hussain et al. 2014, Zhang et al. 2013, Zhu et al. 2011).  
However, despite removal of COD increases with the applied current density, it can 
be seen that when increasing the value of this parameter in both electrochemical oxidation 
systems, the energy efficiency decreases and more energy is necessary to degrade the 
same amount of COD (energy per kg of COD degraded). The 2D and 3D systems spend 
26.0 and 30.7 kWh kg COD-1 more, respectively, when increasing the current density from 
15 to 20 A m-2. In addition, the operational costs associated to this increase in the current 
density, will rise as well, AU$ 0.17 and AU$ 0.20 in the 2D and 3D configurations 
respectively.  
In order to reduce the treatment time, increasing the current density may increase 
the removal of COD and TOC from the wastewater. However, it will induce an increase in 
energy consumption and decreased current efficiency (Liu et al. 2016, Marcionilio et al. 
2016, Yasri et al. 2015). It is likely due to the occurrence of side reactions (i.e., oxygen 
evolution) that would occur more at higher current densities (Wei et al. 2010). 
Furthermore, as the anode potential increases with the current applied, the life span of the 
electrodes may be negatively affected, which will increase the overall capital costs of the 
system if operated at higher current densities (Zhu et al. 2009). Therefore, when 
considering increasing the current density of the electrochemical system, it is necessary to 
find a balance between the energy consumption and the removal efficiency of the system 
when treating wastewater and consider the costs (capital and operational) associated with 
the increase of this operational parameter.  
9.3.4. Effect of the electricity prices in the operational costs 
Fossil fuels are currently the world’s primary energy source. However, as they are a 
finite resource and its use irreparably endangers the environment, contributing to global 
warming and climate change, the economics associated to the price of electricity obtained 
from this energy source may be severely affected in the coming years, when it is expected 
electricity prices will rise (Hoel and Kverndokk 1996).  
In the Figure 28 the operational costs of the 2D and 3D electrochemical oxidation 
systems to treat the GW produced by person per day are represented according to the 
variation in the electricity prices from AU$ 0.2 to 0.5 kWh-1. The current price of electricity, 
AU$ 0.37 kWh-1, is indicated in the graph. From the graph it can be seen that, according to 
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the results summarized in Table 22, the operational costs associated to a conventional 
electrochemical oxidation system (i.e., 2D system) are reduced when adding GAC bed 
material in the middle of the electrochemical process (i.e., 3D system). For both systems, it 
can be observed how when electricity prices rise up to AU$ 0.5 kWh-1, operational costs 
increase to AU$ 0.31 and 0.24 p-1 d-1 for the 2D and 3D systems respectively. 
 
Figure 28. Variation of the operational costs of the 2D and 3D electrochemical system for the 
treatment of GW according to the electricity price. 
As electricity prices can vary in the coming years, a swift to alternative energy 
sources, such as renewable energy supply systems, represent a potential solution for 
consumers to avoid an increased energy tariff and to protect the environment. When the 
energy used by the electrochemical oxidation system is provided by fossil fuels, its 
operational costs are directly affected by a change in the price of the electricity. However, 
as electrochemical systems can be effectively connected to renewable sources of energy 
(Alvarez-Guerra et al. 2011, Anglada et al. 2009, Cho et al. 2014, Kraft 2008, Valero et al. 
2010), this alternative needs to be analyzed. 
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One of the main impediments to scale-up electrochemical processes is the high 
energy demand they use to operate (Anglada et al. 2010, Panizza et al. 2001b) and in this 
particular reactor the price of the BDD electrode is another important consideration for its 
applicability. 
Regarding the energy demand, electrochemical oxidation has been reported to 
show high energy demand for water treatment when aiming at the removal of organics (50-
100 kWh kg COD-1) (Gao and Vecitis 2013, Serikawa et al. 2008) (Table 25). 
Table 25. Energy consumption of electrochemical oxidation systems for the treatment of wastewater  
System Wastewater source Energy consumption Reference 
3D system 
Carbon steel anode 
GAC bed 
Acidic aqueous 
phenol wastes 
(4165 mg COD L-1) 
Current density 34.7 A m-2 
21.01 kWh kg COD-1 
(Cañizares et al. 
2004) 
2D system 
BDD anode 
Industrial wastewater 
(3000 – 30000 mg 
COD L-1) 
53 kWh kg of COD-1 
(COD < 5000 mg L-1) 
30 kWh kg of COD-1 
(COD > 5000 mg L-1) 
(Serikawa et al. 
2008) 
2D system 
BDD anode 
Industrial wastewater 
and landfill leachate 
(5400 – 33000 mg 
COD L-1) 
Current density 500-1500 
A m-2 
22-95 kWh kg COD-1 
(Woisetschlaeger 
et al. 2013) 
2D system 
BDD anode 
Landfill leachate 
(770 – 970 mg COD 
L-1) 
Current density from 300 
to 600 A m-2 
53 to 94 kWh kg COD-1 
(Anglada et al. 
2010) 
2D system 
Highly doped 
SnO2 anode 
Biologically refractory 
wastewater 
(500-15000 mg of 
COD L-1) 
Current density 300 A m-2 
30-50 kWh kg COD-1 
(Stucki et al. 
1991) 
2D system 
MMO anode 
GW 
(30 mg COD L-1) 
Current density 109 A m-2 
0.66 kWh m-3 (22.0 kWh 
kg COD-1) 
(Butkovskyi et al. 
2013) 
2D system 
BDD anode 
Industrial wastewater 
(2500 mg COD L-1) 
Current density 238 A m-2 
22 kWh kg COD-1 
(Comninellis et al. 
2008) 
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3D system 
BDD anode 
GAC bed 
SGW and RGW 
(288.06 mg COD L-1) 
Current density 15 A m-2 
27.5 kWh kg COD-1 
This study 
2D system 
BDD anode 
SGW and RGW 
(288.06 mg COD L-1) 
Current density 15 A m-2 
35.8 kWh kg COD-1 
This study 
 
In order to outweigh the operational cost associated with the energy input, 
electrochemical treatment systems can be operated by a photovoltaic power supply which 
makes it more sustainable process (Alvarez-Guerra et al. 2011, Anglada et al. 2009, Cho 
et al. 2014, Kraft 2008, Valero et al. 2010). This is an important consideration for the use 
of this technology in decentralized water treatment systems and also for its application in 
developing countries.  
According to the energy consumption of the 2D and 3D electrochemical systems 
summarized in Table 22, the energy required to operate these systems is 620 and 480 Wh 
p-1 d-1. This energy can be provided by a solar system. When installing a solar panel it is 
necessary to consider the hours of light that can be effectively used by the system. If 
considering 4 h of useful light per day, the energy that the electrochemical oxidation 
system requires can be provided by a solar panel of 200 W for a 2D and 3D system 
respectively. The average cost of a solar system that provides 200 W is AU$ 700 (included 
battery system and components) (AustralianDirect 2017). Considering the current 
electricity price (AU$ 0.37 kWh-1) and the energy requirements of the 2D and 3D systems, 
the price to implement a solar system to provide the energy to the electrochemical 
treatment could be recovered in 9 and 12 years, for the 2D and 3D configurations 
respectively.  
9.4. Conclusions 
The economic evaluation of the practical implementation of the 3D system to treat 
greywater at household scale showed that 70% of the capital investment corresponds to 
the BDD anode. Despite BDD anodes have been reported to be very effective for the 
electrochemical treatment of contaminated water, the high costs associated to its 
production can hinder its applicability as other more economic (but less effective) materials 
may be preferred. In addition, it has been demonstrated that the operational costs of 
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treating RGW in a 2D system can be reduced by 20% in a 3D system using GAC bed 
(AU$ 3 kg CODremoved
-1).  
Increasing the current density of the electrochemical treatment from 15 to 20 A m-2, 
incurs in an increase of the operational costs from AU$ 0.55 to 0.72 p-1 d-1 for the 2D 
system and from AU$ 0.32 to 0.51 p-1 d-1 for the 3D system. Furthermore, the lifespan of 
the electrodes may be shortened. A balance between the applied current density and the 
operational time must be defined to optimise the operational costs of the treatment. 
To make the implementation of the system more sustainable, it can be effectively 
linked to a solar system that provides the energy to operate the system during the day 
(i.e., considering 4 h of daylight). The results indicate that, considering the current 
electricity price AU$ 0.37 kWh-1, the capital inversion of the solar system (AU$ 700) can be 
repaid after 9 and 12 years, for the 2D and 3D configurations respectively.  
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10. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
WORK 
10.1. Conclusions 
The aim of this thesis is to study the potential applicability of an electrochemical 
oxidation process for the treatment of greywater (GW) that can be implemented as a 
decentralized system at household scale. The system combines adsorption and 
electrochemical oxidation in the same cell (i.e., three-dimensional (3D) configuration). The 
electrochemical reactor operates in a flow-through mode. Boron-doped diamond (BDD) 
mesh has been used as anode material and stainless steel mesh as cathode, and 50 g of 
granular activated carbon (GAC) has been loaded between the electrodes. 
The following main conclusions summarize the findings of this work. 
10.1.1. Comparison between adsorption and electrochemical oxidation 
operating separately or combined in a 3D electrochemical oxidation system 
It has been observed that when treating simulated greywater (SGW) by adsorption 
onto GAC, the removal of chemical oxygen demand (COD), total organic carbon (TOC), 
turbidity and colour achieved is up to 70%, 76%, 69% and 71% respectively. However, it 
constitutes an incomplete treatment as pollutants are transferred from the bulk solution to 
the surface of the GAC, but they are not being degraded, and eventually the GAC will 
become saturated. Pollutants in SGW can be degraded by electrochemical oxidation in a 
two-dimensional (2D) system using BDD anode, but the obtained removal capacities are 
considerably lower (36%, 26%, 34%, and 12% respectively). 
The obtained results showed that the performance of a 2D electrochemical 
oxidation system was significantly improved when it is combined with adsorption onto GAC 
in the three-dimensional (3D) electrochemical oxidation reactor. The removal efficiencies 
of COD, TOC, turbidity and colour increase to up to 86%, 86%, 89%, and 100% 
respectively for the treatment of SGW and 81%, 77%, 73%, and 75% for the treatment of 
RGW.  
Same tendency is observed when using Granular Graphite (GG) as a bed material 
in the 3D system for the treatment of SGW. As GG presents a surface area considerably 
lower (0.6-1.0 m2 g-1) than GAC (> 700 m2 g-1), its adsorption capacity (i.e., 50 g of 
139 
 
material) decreases to up to 33%, 30%, 50%, and 28% respectively. However, when 
combined with electrochemical oxidation in a 3D system, while the performance is lower 
than using GAC, it is still better that operating a conventional 2D system. Achieved 
removal efficiencies of COD, TOC and turbidity in a 3D system using GG are up to 58%, 
39%, and 56% respectively. 
In addition, it was found that desorbed soluble COD and TOC from the GAC used in 
the 3D configuration was considerably lower than that from the GAC used in the GAC 
system which demonstrates that GAC is being electrochemically regenerated in the 3D 
system. These outcomes were supported by the results obtained when operating the 3D 
system using saturated GAC as filling material over 31 consecutive runs treating SGW. 
The removal capacity of COD, TOC, turbidity and colour increased over the 31 
consecutive runs, and regeneration efficiency (RE) of the saturated GAC improved from 
42.4% to 64.8% between the runs 2 to 31. 
Disinfection performance in the three systems (i.e., adsorption onto GAC, 
electrochemical oxidation in a 2D system, and combined GAC adsorption and 
electrochemical oxidation in a 3D system) was evaluated using Escherichia coli (e. coli), 
spores of Clostridium perfringens (SCP) and somatic coliphages (SOMCPH) as model 
microorganisms for pathogenic bacteria, protozoa and viruses, respectively. Disinfection 
results showed that while adsorption onto GAC does not achieve the removal of any 
microorganism, they can be effectively removed by electrochemical oxidation in the 2D 
and 3D systems. Disinfection capacity of e. coli in the 2D system after 2.5 h of treatment 
(3.3 log removal) is more efficient than in the 3D system (2.0 log removal). Same tendency 
is observed for SOMCPH. On the contrary, inactivation of SCP in the 3D configuration is 
higher.  
10.1.2. Synergies in the 3D electrochemical oxidation system 
The degradation of the pollutants present in SGW and RGW in a 2D system has 
been demonstrated that is caused by electrochemically formed oxidant species (i.e., 
hydroxyl radical (•OH), hydrogen peroxide (H2O2), ozone (O3)) generated on the surface of 
the BDD anode and induced by an externally applied (i.e., 15 A m-2). The efficiency of a 
conventional, 2D electrochemical system for the removal of COD, TOC, turbidity and 
colour in GW is substantially improved by loading GAC inside the reactor (i.e., 3D system). 
The achieved removal efficiencies of COD, TOC, turbidity and colour in the 3D system 
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when a current density of 15 A m-2 is applied were improved by up to 2.4, 3.3, 2.6, and 8.4 
times compared to the 2D system. 
Removal of the pollutants in a 3D electrochemical system can occur by the 
combination of direct and indirect electrochemical oxidation on the surface of the BDD 
anode and adsorption onto the bed material. However positive values of synergy are 
observed in the 3D system using GAC filling, of up to 28.1% and 32.7% for the removal of 
COD and TOC respectively during the treatment of SGW and 9.4% and 28.6% for RGW. 
Same tendency is observed when substituting GAC by GG as a bed material, with 
achieved values of up to 28% and 33% for COD and TOC removal respectively. 
These results demonstrate that the combination of adsorption and electrochemical 
oxidation in the same cell may trigger electrosorption and electrocatalytic reactions at the 
surface of GAC, showing a better performance than their superposed operation. When a 
potential is applied through the GAC bed in the 3D system, it can act as a third electrode, 
each particle presenting a positively and a negatively charged side which can induce 
electrochemical reactions, thus leading an increased generation of oxidizing agents 
compared to a conventional 2D system. Polarized particles of GAC can also favour the 
capacitive deionization of the greywater by electrosorption of charged species. In addition, 
GAC can catalyse the decomposition of electrochemically generated hydrogen peroxide to 
produce hydroxyl radicals, further favouring the performance of the 3D system. 
The greater amount of oxidant species electrogenerated at the surface of GAC 
particles in the 3D system can react with the adsorbed pollutants and enable the 
regeneration of the bed material, further improving its performance compared to a 
conventional 2D electrochemical oxidation system. 
10.1.3. Evaluation of key parameters in the performance of a 3D 
electrochemical oxidation system 
When a potential is applied through the bed material in a 3D electrochemical 
oxidation system for the treatment of polluted wastewater, parameters such as applied 
current density, pollutants load rate or treatment time and the characteristics of the bed 
material play a key role to ensure the efficiency of the treatment. Three different scenarios, 
based on these three parameters, have been identified when operating a 3D system for 
the treatment of wastewater regarding the performance of the bed material: (i) saturation 
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of the bed material, (ii) regeneration of the bed material and (iii) attrition of the bed 
material. 
The obtained results showed that in a 3D electrochemical system, when increasing 
the volume of SGW to treat from 2 L to 6 L (i.e., decreasing the treatment time by three 
times) the removal capacity of COD, TOC turbidity and colour at a current density of 15 A 
m-2 decrease from 86%, 86%, 88%, and 100%, to up to 53%, 60%, 44%, and 50% 
respectively. Furthermore, desorbed COD and TOC from the GAC bed increases with the 
volume of SGW treated. Same tendency is observed when decreasing the applied current 
density from 10 to 50 A m-2. The obtained results showed that when increasing the volume 
of wastewater to treat (i.e., decreasing the treatment time), or decreasing the applied 
current density, regeneration of the bed material in the 3D system is limited. The 
production of oxidant species is below the necessary to oxidise the pollutant content in the 
SGW. Therefore, the active sites of the GAC can be blocked and ROS are not being 
produced at an adequate rate to degrade the adsorbed pollutants and regenerate the 
GAC. 
On the contrary, when increasing the applied current density or decreasing the 
volume of SGW treated, the regeneration of the GAC bed in the 3D system is favoured. 
However, the energy efficiency of the treatment process decreases. Therefore, it is 
necessary to find a balance between the energy consumption and the removal efficiency 
of the system when treating wastewater in a 3D system, to ensure the optimal energy 
consumption and the regeneration of the bed material.  
When GAC in the 3D system was substituted by GG the performance of the 
conventional 2D system is also enhanced. Obtained synergy values using GG increase 
over the five consecutive experiments from 3.98% to 51.73% and from -9.57% to 31.44% 
respectively. However, desorption results showed that COD and TOC desorbed from GG 
is similar regardless the application of a current density through it, and these values are 
higher than those obtained for the GAC used in the 3D system. Therefore, it can be 
suggested that the positive synergy is mainly due to electrosorption onto the GG surface in 
the 3D system and GG is not being regenerated, or attrition of the GG particles in the 3D 
system or during the sonication stage in the desorption procedure are affecting the 
measure of dissolved COD and TOC desorbed from its surface. Results using the 3D 
system with GG filling showed that colour formation has been observed during the 
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treatment, and it increased over the five consecutive experiments. Colour formation can be 
caused by the electrochemical oxidation of the bed material when a potential is applied 
through the bed. The results suggest electrochemically produced oxygen can react with 
the bed material, but also electrochemically generated ROS can react with the graphite 
rather than with the pollutants in the bulk solution, decreasing the energy efficiency of the 
electrochemical oxidation process and causing the oxidation of the GG bed in the 3D 
system. As the conductivity of the GG is considerably higher than the GAC (1000 times), 
electrochemical oxidation reactions can be favoured onto its surface, however, as the BET 
surface area of the GG is over 700 times lower than GAC, electrochemical oxidation 
reactions are distributed in a smaller space, which may incur in an accumulation of oxidant 
species on the surface of the bed material. Therefore, the transference of pollutants 
towards the surface of the bed material when using GG may limit their oxidation onto its 
surface and the excess of produced ROS could react with the bed material. 
Therefore, high mechanical strength and the stability of the material must be also 
considered as important parameters when selecting an appropriate filling for a 3D 
electrochemical configuration for the treatment of wastewater. 
10.1.4. Economic analysis of the implementation of the three-dimensional 
electrochemical oxidation process as a decentralized system for the treatment of 
greywater 
An estimation has been performed regarding the capital investment and operational 
costs of a 3D electrochemical oxidation system using a BDD anode and GAC bed material 
to treat the volume of GW produced per person per day (60 L p-1 d-1). The economic 
analysis showed that 70% of the capital investment corresponds to the BDD anode. 
Despite BDD anodes have been reported to be very effective for the electrochemical 
treatment of contaminated water, the high costs associated to its production, particularly 
due to the high price of the metal base (AU$ 20 per cm2 using Niobium), can hinder its 
applicability as other more economic (but less effective) materials may be preferred.  
Regarding the energy efficiency of the two electrochemical configurations (i.e., 2D 
and 3D systems), despite the higher cell voltage achieved in the 3D system, due to the 
resistance produced by the presence of the bed material between the electrodes, the 
values obtained of the electrical energy consumed per order of COD removed (EEO) and 
the specific energy consumption (ESP) were lower in this configuration compared to a 
143 
 
conventional 2D system, showing that electrochemical oxidation in a 3D system is more 
energy-efficient. According to these results, the operational costs of treating RGW in a 2D 
system can be reduced by 20% in a 3D system using GAC filling compared to using a 2D 
electrochemical system. 
Increasing the current density represent an alternative to decrease the treatment 
time that has been also evaluated. However, results showed that an increase of 5 A m-2 of 
the current density (i.e., from 15 to 20 A m-2), incurs in an increase of the operational costs 
from AU$ 0.55 to 0.72 p-1 d-1 for the 2D system and from AU$ 0.32 to 0.51 p-1 d-1 for the 
3D system. In addition, the lifespan of the electrodes may be shortened, increasing the 
accumulated capital costs of the system during its lifetime as well. A balance between the 
applied current density and the operational time must be defined to optimise the 
operational costs of the treatment. 
To make the implementation of the system more sustainable, it can be effectively 
linked to a solar system that provides the energy to operate the system during the day 
(i.e., considering 4 h of daylight). The results indicate that, considering the current 
electricity price AU$ 0.37 kWh-1, the capital inversion of the solar system (AU$ 700) can be 
repaid after 9 and 12 years, for the 2D and 3D configurations respectively. Electrochemical 
oxidation systems linked to a renewable source of energy (i.e., solar system) can be 
considered to provide a sustainable water supply in areas affected by water scarcity or 
high water transportation costs, and also in developing countries. However the high capital 
and operational costs of these systems make them not competitive against more 
commonly used technologies such as reverse osmosis/ultraviolet disinfection (RO/UV). 
10.2. Recommendation for future work 
This study has demonstrated that electrochemical oxidation of GW (i.e., SGW and 
RGW) is enhanced in a conventional 2D electrochemical oxidation system when GAC is 
used as a bed material placed between the electrodes (3D system). Furthermore, positive 
synergy values in the 3D system for the removal of COD and TOC revealed that other 
processes are occurring in the system besides adsorption and electrochemical oxidation 
on the anode surface. In addition, the regeneration of the GAC in the system when treating 
SGW has been proved. This technology constitutes a feasible alternative to decentralized 
treatment of GW and merits further investigation to understand the mechanisms leading to 
an enhanced performance of the 3D electrochemical system compared to a 2D. 
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The results of this thesis also gave rise to a number of opportunities for future 
studies:  
Most of the present work developed in electrochemical oxidation processes for the 
treatment of wastewater has been focused on small-scale systems, on the optimization of 
operating parameters, while scaling-up of the 3D systems and the conditions for operating 
the system in continuous mode must also be considered. Electrochemical oxidation 
systems at large scale have been recently implemented, for example Oxineo® and Sysneo 
® have been developed for treating the water from swimming pools and spas. CONDIAS 
and Advanced Diamond Technologies Inc. manufacture de systems CONDIACELL® and 
Diamonox® used for water disinfection and industrial wastewater treatment. The main 
obstacles to be overcome before the full-scale implementation of electrochemical oxidation 
technologies are the reduction of operating costs and the development of more efficient 
and robust electrode materials. 
BDD has received attention as a novel electrode material due to its electrochemical 
properties as large potential window in aqueous solutions, low electrode fouling, corrosion 
stability in aggressive media, high current efficiency, and strong oxidation ability. 
Numerous substrates have been used to grown BDD, namely silicon, niobium (Nb), 
tantalum (Ta), Tungsten (W), and titanium (Ti). However, silicon has been demonstrated to 
be very brittle, Nb, Ta, W and Ti are too expensive and BDD deposited can be not stable 
enough. The high costs associated to BDD production and the difficulties in finding a 
suitable substrate can limit the industrial (large scale) applications of this material in 
electrochemical oxidation technologies. In order overcome the limitations, more research 
is necessary regarding other substrates and BDD production methods, and also on the 
development of other potential materials that can be also implemented at large scale in 
electrochemical oxidation systems. New developments in material sciences and 
nanotechnology may be important in this context. 
In order to optimise the energy consumption of the 3D electrochemical oxidation 
system for the treatment of GW and avoid the saturation of the bed material or its 
corrosion during the operation of the system, and at the same time ensure the optimal 
removal of pollutants and the economic feasibility for its further implementation, additional 
research must be done. Variations in the applied current density, changes in the setup 
(i.e., position of the electrodes, aeration), operational time, amount of filling material, 
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characteristics of the bed (i.e., porosity, conductivity, mechanical strength and catalytic 
capacity) and the influent (i.e., conductivity, turbidity, concentration and persistence of 
pollutants) can be considered. 
In addition, mechanisms for the improved performance of 3D electrochemical 
systems, such as adsorption/electrosorption, catalysis, direct and indirect electrochemical 
oxidation on the surface of the polarized bed material have been suggested; however their 
quantification and role have not been jet clarified. The development of mechanistic 
understanding (i.e., mechanisms, thermodynamics and kinetics) of the processes 
occurring on the surface of the bed material in the middle of the electric field are relevant 
to recognize potential opportunities and limitations of the use of this technology. This can 
be of particular interest regarding its performance for disinfection of persistent 
microorganisms and the removal of toxic chemicals such as pharmaceuticals and 
pesticides that are representing an emerging concern for the protection of the environment 
and human health. A practical model to predict the degradation efficiency and energy 
consumption of the system, based on kinetics and thermodynamics, would help to find the 
optimal conditions of this technology for its further application at large scale. 
In a 3D electrochemical oxidation system, the bed material can undergo saturation. 
Increasing the applied current density can be used to ensure the electrochemical 
regeneration of the bed material. However, particularly when using carbonaceous 
materials, the bed could experience attrition and electrochemical corrosion due to an 
excess in the applied current density. It is an important condition that can limit the long 
term performance of 3D electrochemical systems. As the bed material plays a main role in 
3D electrochemical systems, it deserves more attention. Therefore, more research must 
be done for the development of GAC and other particle-based electrodes that are more 
stable and resistant towards attrition when used as bed materials in 3D electrochemical 
systems. Another major area that merits further investigation is the improvement of the 
electrocatalytic activity of the bed material, for example through the development of more 
efficient catalysts coated on particles, to further enhance the performance of this 
technology for the treatment of wastewater and reduce the operational and capital costs. 
Despite electrochemical oxidation of contaminated water represents a novel 
treatment technology that is sustainable, robust and chemical-free, under the presence of 
chloride and bromide ions (particularly when using an electrolyte solution) can cause the 
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formation of intermediate oxidation products can affect the toxicity of the treated effluent 
hindering its applicability. In this context, the electrochemical oxidation would be a suitable 
technology for the treatment of greywater as the as it contains low concentration of 
chloride (and bromide).  
Finally, when considering the implementation of this process for the treatment of 
RGW or other wastewater source, any decision has to be taken on a case-by-case basis, 
and a previous study must be performed to evaluate it’s the real potential of its 
implementation. In addition, population acceptance of the use of recycled water is other 
main barrier that must be considered. 
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